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1.0  EXECUTIVE  SUMMARY 


The  Silver  Bow  Creek  Superfund 
site  is  a large  and  complex  mining  waste 
site  where  degradation  of  surface  water, 
groundwater,  and  air  quality  has  resulted 
from  deposition  of  tailings  and  mine  waste 
along  the  alluvial  floodplain.  One 
component  of  the  Silver  Bow  Creek 
Remedial  Investigation  and  Feasibility 
Study  (RI/FS)  was  to  develop  innovative 
cost-effective  remedies  for  in-situ 
treatment  of  tailings  deposited  along  the 
banks  of  Silver  Bow  Creek.  Named  the 
Streambank  Tailings  and  Revegetation 
Study,  STARS  has  focused  on  use  of 
chemical  amendments  to  neutralize  acidity 
and  to  reduce  the  mobility  of  heavy  metals 
and  revegetation  to  stabilize  the  surface  of 
mine  waste  and  reduce  groundwater 
recharge.  The  STARS  project  consists  of 
three  phases  including  1)  a Phase  I 
laboratory  bench-scale  study  to  identify 
suitable  soil  treatments  and  plant  species, 

2)  a Phase  II  effort  involving  construction 
of  field-scale  treatability  study  plots,  and 

3)  Phase  III  for  monitoring  the 
performance  of  various  treatments.  This 
is  a report  on  STARS  Phase  II  activities. 

In  the  Phase  I investigation,  a 
variety  of  waste  samples  were  collected 
and  characterized.  Five  representative 
samples  were  studied  in  detail  to  identify 
the  best-suited  soil  amendments  and  plant 
species  for  revegetation  of  these  materials. 
In  Phase  II,  the  sites  from  which  these 
samples  were  collected  were  characterized 
to  locate  uniform  areas  in  which  to 
establish  field  plots  (Section  3.0).  In  order 
to  identify  uniform  areas,  a grid  was 
established  at  the  candidate  field  locations 
and  samples  were  collected  for 


measurement  of  pH  in  a saturated  soil 
paste,  electrical  conductivity  (EC)  in  a 1:10 
soil/water  suspension,  and  metal  levels  by 
X-ray  fluorescence  spectrometry  (XRF). 
Data  were  kriged  and  concentration  maps 
were  prepared  to  facilitate  placement  of 
STARS  plots. 

Once  plot  locations  were  identified 
on  maps,  they  were  staked  in  the  field 
(Section  4.0)  and  samples  were  collected 
for  determination  of  key  soil  properties. 
Analysis  of  sulfur  fractions,  nutrient  levels, 
and  basic  soil  properties  (pH,  EC,  texture) 
were  used  to  develop  soil  amendment  and 
fertilizer  rates  for  each  study  plot. 

A series  of  experiments  were 
conducted  in  small  field  plots  (Section  5.0) 
to  determine  the  rate  at  which  pH 
reached  equilibrium  levels  (between  7.5 
and  8.5)  in  the  field  and  to  determine  if 
plots  needed  to  be  artificially  hydrated  to 
achieve  pH  equilibrium.  These 
experiments  were  conducted  to  verify 
Phase  I bench-scale  laboratory  findings  to 
insure  that  the  results  were  "scaled-up" 
properly  for  use  in  the  field.  Results  of 
the  microplot  studies,  and  plot  sampling 
were  interpreted  so  that  field  plot  soil 
amendment  rates  could  be  developed. 
The  rationale  used  to  develop  these  rates 
is  described  in  Section  6.0. 

Finally,  the  actual  plot  construction 
sequence  is  described  in  detail  in  Section 
7.0.  Potential  constructability  concerns 
associated  with  each  treatment  method  are 
noted,  and  data  for  establishing  treatment 
cost  estimates  are  also  provided. 
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SECTION  2.0 


2.0  INTRODUCTION 


2.1  SITE  HISTORY 

Silver  Bow  Creek  originates  on  the 
western  slope  of  the  Continental  Divide 
north  of  the  City  of  Butte,  Montana.  It 
drains  approximately  425  square  miles 
before  its  confluence  with  Warm  Springs 
Creek,  forming  the  Clark  Fork  River 
(Figure  2.1). 

The  history  of  mining  in  the  Butte 
area  began  with  the  discovery  of  placer 
gold  in  Silver  Bow  Creek  in  late  summer 
of  1864.  Various  mining  operations  for 
several  precious  and  semi-  precious  metals 
and  minerals  have  continued  through 
today. 

More  than  100  years  of  continuous 
mining  and  related  activities  have  greatly 
changed  the  area’s  natural  environment. 
Early  mining,  milling,  and  smelting  wastes 
were  dumped  adjacent  to,  and  directly 
into,  Silver  Bow  Creek  and  transported 
downstream  to  the  Clark  Fork  River.  In 
1911,  Anaconda  Company  built  the  first 
treatment  pond  near  Warm  Springs, 
Montana,  to  settle  out  wastes  from  Silver 
Bow  Creek  before  the  water  was  allowed 
to  flow  downstream.  In  1916  and  in  1959, 
two  more  treatment  ponds  began 
operation.  Silver  Bow  Creek  continued  to 
be  affected  by  raw  mining  and  milling 
waste  until  1972,  when  a treatment  plant 
was  added  to  the  Weed  concentrator  in 
Butte.  Creek  contamination  problems 
were  compounded  by  urban  and  domestic 
sewage  and  refuse  from  wood  products 
treatment  plants,  phosphate  and 
manganese  production  facilities,  and 


chemical  factories.  Mill  tailings  and  other 
mining  wastes  in  and  near  the  creek 
contributed  to  downstream  contamination, 
particularly  from  potentially  toxic  metals 
including  arsenic,  cadmium,  copper,  lead, 
iron,  and  zinc.  These  elements  and  others 
were  present  in  the  mine  ore  and  remain 
in  the  environment  as  by-products  of  the 
mining  and  smelting  processes. 

In  1983,  the  U.S.  Environmental 
Protection  Agency  (USEPA)  designated 
Silver  Bow  Creek,  contiguous  portions  of 
the  upper  Clark  Fork  River,  and  their 
environments  as  a high  priority  Superfund 
cleanup  site.  The  Solid  and  Hazardous 
Waste  Bureau  (SHWB)  of  the  Montana 
Department  of  Health  and  Environmental 
Sciences  (MDHES)  administered  the 
USEPA  appropriations  to  conduct  a 
Remedial  Investigation  (RI)  of  the  Silver 
Bow  Creek  (SBC)  drainage.  The  Silver 
Bow  Creek  site  extends  from  Butte  to 
Milltown  Dam. 

The  SBC  RI  consisted  of  coordinated 
individual  studies  to  develop  data  on  the 
nature,  extent,  and  severity  of 
contamination  within  the  site.  SBC  RI 
Phase  I field  work  was  completed  in 
January  1986;  MultiTech  reported  results 
of  the  studies  in  several  reports  in 
1986-1987.  A Summary  Final  Report 
discusses  the  entire  project;  final  reports 
for  each  individual  study  were  also 
prepared  and  issued  as  appendices  to  the 
Summary. 

The  history  of  man’s  activities  along 
Silver  Bow  Creek  is  long  and  varied.  The 
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MILLTOWN  SITE 


SUPERFUND  SITES  IN  THE  CLARK  FORK  RIVER  BASIN 


Figure  2.1.  Site  map  of  the  Silver  Bow  Creek  CERCLA  site  near  Butte,  Montana. 
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first  record  of  any  disturbance  of  the 
stream’s  natural  channel  is  in  1864  when 
placer  mining  commenced  along  Silver 
Bow  Creek  (Meinzer,  1914;  Freeman, 
1900;  Smith,  1952).  Placer  mining  was 
used  to  extract  low-grade  gold  deposits 
along  Silver  Bow  Creek  and  its  tributaries. 
The  majority  of  placer  operations  in  the 
area  had  ceased  by  1869,  although  a small 
contingent  of  miners  continued  to  placer 
mine  local  streams. 

Concurrent  with  placer  mining  along 
Silver  Bow  Creek,  hard  rock  mining 
started  on  mineralized  veins  outcropping 
on  Butte  Hill,  north  of  Silver  Bow  Creek. 
Several  small  smelters/concentrators  and 
a wet-process  quartz  mill,  the  Davis  Mill, 
were  built  between  1866  and  1868  along 
Silver  Bow  Creek  to  process  ore  (Smith, 
1952).  Although  some  copper  and  silver 
were  being  produced,  all  facilities  were 
closed  by  1869.  Apparently,  little  mining 
activity  occurred  in  the  Butte  area  from 
1869  to  1874. 

William  Farlin  re-staked  some  mining 
claims  on  the  Butte  Hill  in  1875  as  a 
result  of  favorable  assays  of  silver  ore 
found  in  the  area  (Smith,  1952).  This 
rejuvenated  mining  activity  in  Butte,  and 
by  1878  several  small  smelters  were 
operating  in  the  area.  Between  1879  and 
1885,  at  least  six  major  smelters  were  built 
along  Silver  Bow  Creek  from  Meaderville 
to  Williamsburg  (Historical  Research 
Associates  (HRA),  1983;  Smith,  1952; 
Meinzer,  1914;  Freeman,  1900)*.  A smelter 
was  also  constructed  at  the  new  town  of 
Anaconda  in  1884  (Smith,  1952). 

The  major  smelters  constructed  along 
Silver  Bow  Creek  operated  nearly 
continuously  until  1910  (HRA,  1983).  By 
1910,  Anaconda  Copper  Mining  Company 
(ACM)  had  purchased  and  closed  all  but 


one  of  the  major  concentrator/smelters 
(the  Pittsmont)  located  adjacent  to  Silver 
Bow  Creek;  most  of  the  ore  was  shipped 
to  the  smelter  in  Anaconda  for  processing. 
This  practice  continued  until  1980  when 
the  smelter  in  Anaconda  was  closed.  The 
Pittsmont  Smelter  operated  until  1930. 
The  Timber  Butte  Mill,  located  south  of 
Silver  Bow  Creek,  also  operated  until 
approximately  1930.  Tailings  from  the 
Timber  Butte  Mill,  Butte  and  Superior, 
and  East  Butte  concentrators  were  sluiced 
in  various  amounts  to  tributaries  of  Silver 
Bow  Creek  until  at  least  1918  (Flynn, 
1937). 

Large-scale  underground  mining 
continued  in  Butte  during  the  early-  to 
mid  -1900s.  In  1955,  ACM  commenced 
open-pit  mining  at  the  Berkeley  Pit. 
Low-grade  copper  ore  mined  from  the 
Berkeley  Pit  was  processed  at  the  Weed 
Concentrator  in  Butte,  constructed  in  1963. 
Silver  Bow  Creek  continued  to  receive  raw 
mining  and  milling  wastes  until  1972,  when 
a treatment  plant  was  added  to  the  Weed 
Concentrator.  In  1977,  ACM  became  a 
subsidiary  of  Atlantic  Richfield  Company 
(ARCO).  The  subsidiary’s  name  was 
changed  at  this  time  to  Anaconda 
Minerals  Company  (AMC).  ARCO  closed 
all  underground  mining  operations  in 
Butte  in  1980  because  of  a depressed 
copper  market.  ARCO  then  closed  the 
Berkeley  Pit  in  1982  and  the  adjacent  East 
Berkeley  Pit  in  1983.  The  underground 
mines  beneath  Butte  and  the  Berkely  Pit 
were  allowed  to  flood,  and  water  levels  in 
the  area  are  currently  rising  in  response  to 
the  cessation  of  pumping. 

In  1986,  Montana  Resources  Inc. 
(MRI)  purchased  Anaconda’s  Butte 
Operations  (including  the  East  Berkeley 
Pit,  Continental  East  Pit,  and  Yankee 
Doodle  Tailings  Ponds).  MRI  is  currently 
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mining  copper  ore  from  the  East  Berkeley 
Pit  and  processing  mined  ore  in  the  Weed 
Concentrator.  There  are  currently  no 
direct  discharges  from  MRI’s  operations 
to  Silver  Bow  Creek. 

In  order  to  facilitate  the  RI/FS 
process,  the  Silver  Bow  Creek  site  has 
been  divided  into  the  following  operable 
units  (OUs): 

1.  Area  I (Butte) 

2.  Streamside  tailings 

3.  Agricultural  lands 

4.  Warm  Springs  treatment  ponds 

5.  Rocker  mine  timber  site 

Each  of  these  OUs  will  proceed 
through  the  RI/FS  process  independently, 
but  during  the  FS  the  evaluation  of  the 
effectiveness  of  a given  alternative  will 
have  to  be  based  on  the  entire  Silver  Bow 
Creek  site  and  not  just  the  OU  that  is 
being  considered. 

2.2  STREAMSIDE  TAILINGS 
OPERABLE  UNIT 

The  streambank  tailings  and 
revegetation  study  (STARS)  has  been 


initiated  to  develop  low-cost  innovative 
remedial  measures  for  potential  clean-up 
of  portions  of  the  streambank  tailings 
operable  unit. 

Contamination  of  air,  soil,  surface  and 
ground  water  is  derived  primarily  from 
tailings  and  other  mining  waste  deposited 
in  the  Silver  Bow  Creek  channel  and 
floodplain.  Several  million  yards  of  mining 
waste  are  found  in  the  floodplain  of  Silver 
Bow  Creek.  Remediation  of  these  wastes 
is  the  focus  of  RI/FS  activities  on  the 
Streambank  Tailings  operable  unit  of  the 
Silver  Bow  Creek  investigation. 
Streambank  tailings  are  situated  so  that 
they  are  eroded  by  wind  or  water.  Sulfide 
oxidation  in  the  mine  wastes  increases 
acidity  which  in  turn  causes  most  metals 
to  be  more  mobile.  As  water  percolates 
through  or  flows  across  the  barren 
streambank  mine  wastes,  metals  are 
leached  into  surface  water  and 
groundwater.  Evaporation  of  water  from 
the  land  surface  leaves  a residue  of 
metal-enriched  salts  which  can  degrade 
air  quality.  Typical  levels  of  metals  in 
tailings  are  shown  in  Table  2.1. 
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Table  2.1.  Typical  concentrations  of  contaminants  in  mine  wastes  situated  along  Silver 
Bow  Creek.* 


PARAMETER  ARITHMETIC  MEAN  MAXIMUM  VALUE 


pH 

3.97 

2.3  (lowest) 

EC  (mmhos/cm) 

3.44 

7.7 

Sand  (%) 

62.2 

90.0 

Silt  (%) 

25.7 

68.1 

Clay  (%) 

12.1 

30.4 

TOTAL  METAL  LEVELS 

GEOMETRIC  MEAN  MAXIMUM  VALUE 

(mg/kg  soil) 

Copper 

1,410 

11,200 

Zinc 

2,140 

22,000 

Lead 

912 

6,477 

Cadmium 

11.2 

108 

Arsenic 

347 

3,140 

Manganese 

977 

13,300 

Chromium 

10.7 

142 

Mercury 

5 

61 

* Data  were  taken  from  initial  characterization  of  35  bulk  mine  waste  samples  collected 

for  STARS,  Phase  I. 

2.3  ALTERNATIVE  REMEDIAL 

volumes.  However,  for  sites  in  which  the 

TECHNOLOGIES 

areal  extent  of  contamination  is  very  large 

Remedial  measures  for  streambank 
tailings  must  solve  a variety  of  problems. 
These  include  acid  production  and 
movement  of  contaminated  leachate  to 
surface  and  ground  water,  erosion  by  water 
and  by  wind  and  direct  contact  hazard  to 
humans  and  livestock  or  wildlife.  Typical 
remedial  alternatives  which  may  correct 
most  of  these  problems  include  removal  to 
a secure  storage  area  or  capping  to  reduce 
precipitation  infiltration  and  air 
entrainment.  These  techniques  work  well 
for  sites  with  small  areal  involvement  or 


and  involves  large  volumes  of  material  the 
practical  application  of  these  technologies 
decrease  and  their  costs  increase 
significantly.  Since  streambank  tailings 
along  Silver  Bow  Creek  are  disseminated 
over  much  of  its  27  mile  length,  and 
involve  millions  of  cubic  yards  of  material 
the  Montana  Department  of  Health  and 
Environmental  Sciences  (MDHES)  agreed 
that  new  and  innovative  technologies 
should  be  investigated  as  remedial 
alternatives.  One  of  these  technologies  is 
modification  of  tailings  characteristics  (pH, 
plant-available  metals)  followed  by 
revegetation. 
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2.4  STARS  TREATABILITY 
STUDIES 

A cost-effective  in  situ  remedy  for 
streambank  wastes  is  desired  to  mitigate 
the  adverse  effects  of  the  extensive  mine 
wastes  along  Silver  Bow  Creek.  An 
innovative  remedial  measure 
conceptualized  by  the  project  team 
involved  1)  chemical  neutralization  and 
fixation  of  contaminants  by  deep 
incorporation  of  soil  amendments  into 
mine  waste,  2)  possible  use  a soil  cap  (at 
least  in  selected  areas),  and  3) 
revegetation  with  acid  or  metal-tolerant 


species  of  grasses.  Soil  amendments 
would  reduce  the  mobility  and  toxicity  of 
contaminants  whereas  the  soil  cap  (if 
used)  and  vegetation  cover  would  reduce 
the  quantity  of  leachate  passing  through 
waste  materials. 

The  Streambank  Tailings  and 
Revegetation  Study  (STARS)  was  initiated 
to  develop  an  innovative  remedial 
technique  and  to  investigate  the 
effectiveness  of  that  technique.  In  order 
to  meet  project  objectives  the  STARS 
project  was  divided  into  three  components. 


The  primary  objectives  of  the  Streambank  Tailings  and  Revegetation  Study  (STARS) 

are  to: 

o GENERAL  OBJECTIVE  1:  Design,  field  test,  and  evaluate  the  response  of 

potential  remedial  measures  for  mitigation  of  human  health  and  environmental 
impacts  from  streambank  tailings  using  chemical  microencapsulation,  deep 
incorporation,  cover-soil  isolation,  and  enhanced  evapotranspiration  techniques. 

o GENERAL  OBJECTIVE  2:  Develop  a method  of  ranking  tailings-contaminated 
areas  for  selecting  remedial  measures. 

o Phase  I:  Bench-scale  soil  column/greenhouse  treatability  studies  designed  to  develop 
and  test  ameliorative  treatments. 

o Phase  II:  Pilot-scale  treatability  studies  which  included  field  implementation  of  the 
remedial  options  designed  in  Phase  I. 

o Phase  III:  Field  monitoring  program  to  evaluate  the  response  of  the  wastes  to  the 
ameliorative  treatments.  This  response  will  be  evaluated  on  the  basis  of  reduced 
leachate  quantity  and  abated  metal  flux  to  surface  and  ground  water. 


These  objectives  will  allow  the  RI/FS 
project  team  to  collect  the  required 
performance  data  to  design  selected 
innovative  remedial  alternatives  for 
consideration  in  the  feasibility  study. 


The  purpose  of  Phase  I of  STARS 
was  to  develop  and  test  innovative 
remedial  measures  to  modify  streambank 
tailings  (waste)  characteristics  sufficiently 
to  allow  them  to  be  revegetated. 
Chemical  amendments  were  added  to 
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waste  that  would  reduce  leaching  of  metals 
to  ground  water,  and  reduce  contaminated 
runoff  to  surface  water.  Greenhouse  tests 
were  implemented  to  select  species  for 
revegetation  of  amended  wastes.  The 
intent  of  revegetation  is  to  reduce  fugitive 
dust,  reduce  leachate  to  ground  water  due 
to  enhanced  evapotranspiration,  and  to 
provide  surface  soil  protection. 

Other  Phase  I activities  included 
developing  criteria  for  chemically  and 
physically  characterizing  streambank  mine 
wastes.  The  goal  of  this  study  component 
was  to  develop  a data  base  that  will  allow 


remedial  alternatives  to  be  designed  to 
meet  requirements  of  each  specific  mine 
waste  area.  A limited  number  of  "classes" 
or  "types"  of  mine  waste  were  identified. 
One  or  more  remedial  strategies  were 
developed  for  each  class. 

Phase  II  activities  included  field 
implementation  of  the  remedial  options 
designed  in  Phase  I.  The  tasks  within 
Phase  II  of  STARS  were  described  in  the 
Transition  Phase  Technical  Memorandum 
and  the  Phase  II  Treatability  Study  Work 
Plan.  Objectives  of  STARS  Phase  II  were 
to: 


o 1)  Identify  and  select  candidiate  locations  for  installation  of  the  STARS  field  plots. 
Perform  field  investigations  in  the  vicinity  of  candidate  sites  (Table  2.2)  and  assess 
the  field  variability  of  key  characteristics.  An  assessment  of  variability  will  facilitate 
the  proper  location  of  field  plots  so  that  excessive  variability  will  not  mask 
experimental  results.  Field  parameters  included  metal  levels,  pH,  EC,  depth  to 
groundwater,  and  tailings  thickness. 

o 2)  Locate  field  plots  and  collect  waste  samples.  Measure  selected  soil  and  site 
parameters  needed  for  remedial  design  including  sulfur  chemistry,  soil  fertility,  and 
basic  baseline  soil  chemistry. 

o 3)  Perform  a field  evaluation  of  the  performance  of  various  liming  materials  in 
neutralizing  acidity  and  in  reducing  soluble  metal  levels.  Identify  the  importance  of 
"mellowing"  (the  process  of  adding  water  to  lime-amended  waste)  in  gaining  pH 
control.  These  tests  performed  in  small  plots  (microplots)  were  designed  to  assist 
with  "scaling  up"  bench-scale  tests  into  field  treatment  methods. 

o 4)  Identify  specific  amendment  rates  and  formulate  the  sequence  of  plot 
construction  methods. 

o 5)  Construct  field  plots  and  monitor  construction  performance  goals  (pH  control, 
target  pH  for  seeding,  degree  of  lime  mixing,  depth  of  lime  incorporation). 
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Table  2.2  Candidate  samples  investigated  in  Phase  1 STARS  column  and  greenhouse 
studies. 


Classification  Criteria* * 

SITE 


NUMBER 

CLASS’* 

pH 

EC 

Coarse  Fraction 

Silt  Fraction 

33 

1 

3.0-4.0 

2-5 

50-85 

10-30 

7 

2 

3.5-4.5 

.5-2.5 

>85 

<10 

21 

3 

3.5-5.5 

4-12 

<50 

>30 

2 

T 

- 

- 

- 

- 

9 

B 

- 

- 

- 

- 

27 

F 

- 

- 

- 

- 

* EC  values  in  mmhos/cm,  coarse  and  silt  fractions  in  % (based  on  total  sample  volume. 
**  Classes  include  type  1-3  tailings,  in-place  tailings  (T),  buried  soils  (B),  and  flood-affected 
soils  (F). 


Phase  III  activities  will  include 
establishment  of  a field  monitoring 
program  to  evaluate  the  response  of  the 
wastes  to  the  ameliorative  treatments. 
This  response  will  be  evaluated  on  the 
basis  of  reduced  leachate  quantity  and 
abated  metal  flux  to  surface  and  ground 
water. 


2.5  Project  Documents 

Several  STARS  documents  were 
prepared  to  guide  these  treatability  studies. 
These  documents  should  be  reviewed  to 
fully  understand  the  entire  project.  The 
documents  include: 


• Draft  Work  Plan  for  the  Silver  Bow  Creek  Streambank  Tailings  and  Revegetation 
Studies.  Phase  II.  Prepared  by  Schafer  & Associates  and  Reclamation  Research 
Unit.  June  10,  1987. 

• Quality  Assurance  Project  Plan  fOAPPl  for  the  Streambank  Tailings  and 
Revegetation  Studies.  Silver  Bow  Creek  RI/FS.  EPA  Region  VIII.  Prepared  by 
Reclamation  Research  Unit  and  Schafer  & Associates.  Document  No.  SBC-STARS- 
QAPP-F-RO-121187.  December  11,  1987. 

• Laboratory  Analytical  Protocol  (LAP)  for  the  Streambank  Tailings  and  Revegetation 
Studies.  Silver  Bow  Creek  RI/FS.  EPA  Region  VIII.  Prepared  by  Reclamation 
Research  Unit  and  Schafer  & Associates.  Document  No.  SBC-STARS-LAP-F-RI- 
121187.  December  11,  1987. 
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• STARS  - Transition  Phase  Technical  Memorandum  for  the  Streambank  Tailings  and 
Revegetation  Studies.  Methods  for  Conducting  Field  Site  Selection  and  Sampling 
of  Phase  II  STARS  Plots.  Silver  Bow  Creek  RI/FS.  EPA  Region  VIII.  Document 
prepared  by  Reclamation  Research  Unit  and  Schafer  and  Associates.  SBC-STARS- 
SFSSS  D-RO-042988.  June  10,  1988. 

• Final  Technical  Memorandum.  Silver  Bow  Creek  RI/FS.  STARS:  Tailings  Ranking 
& Data  Analysis  of  Silver  Bow  Creek  Waste.  Document  prepared  by  Schafer  and 
Associates,  Reclamation  Research  Unit  and  CH2M  Hill.  January  9,  1988. 
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SECTION  3.0 


3.0  STUDY  AREA  VARIABILITY 


3.1  SITE  SELECTION 

Six  candidate  mine  waste  samples 
were  selected  from  among  35  bulk  samples 
of  waste  collected  during  the  Phase  I 
investigation.  The  locations  from  which 
these  samples  were  collected  comprised 
the  candidate  locations  for  construction  of 
the  STARS  Phase  II  field  plots  (Figure 
3.1).  A field  review  of  all  sites  was 
performed  to  delineate  site  access,  note 
potential  construction  difficulties,  and 
determine  if  uniform  areas  of  sufficient 
size  were  available  for  construction  of  all 
treatments  needed.  Based  on  this  field 
review  it  was  decided  that  the  buried  soil 
site  should  not  be  implemented  because 
of  lack  of  sufficient  area,  concern  over 
methods  for  removal  and  stabilization  of 
overlying  tailings  deposits,  and  because 
results  at  other  sites  could  readily  be  used 
to  infer  the  performance  of  STARS 
treatments  on  buried  soil  materials.  The 
detailed  location  of  each  of  the  five 
remaining  STARS  field  sites  is  shown  in 
Figures  3.2  through  3.6. 

The  objective  of  the  initial  task  of 
Phase  II  activities  was  to  assess  the 
variability  of  mine  wastes  in  the  vicinity  of 
each  candidate  waste  sample  collected  in 
Phase  I.  Variability  was  characterized  by 
measuring  several  parameters  in  a grid  of 


sample  points.  This  screening  step  insured 
that  field  plots  were  both  homogenous  so 
that  treatment  effects  were  not  obscured, 
and  were  representative  of  the  bulk 
sample  of  mine  waste  investigated  in 
Phase  I. 


3.2  ESTABLISHMENT  OF  GRID 

At  each  of  the  five  sites,  a grid  was 
established  in  the  vicinity  of  the  bulk 
sample  locations  consisting  of  from  63  to 
89  points  in  a regular  array  with  a mean 
spacing  of  35  feet.  Preliminary 
geostatistical  modeling  of  chemical  data 
collected  from  tailings  areas  suggested  that 
grid  points  would  have  to  be  closer  than 
50  feet  apart  to  establish  a working  semi- 
variogram  model  for  kriging  these  data 
(see  Appendix  B for  full  details  on 
geostatistical  methods  - Kriging).  A 
cluster  of  more  closely  spaced  data  points 
(12.5  foot  spacing)  was  established  in  a 
cross-hair  configuration  in  the  center  of 
the  gridded  area  to  facilitate  development 
of  a semi-variogram  model.  A relative  x- 
y ordinate  system  was  established  in  the 
field  for  locating  grid  points.  A transit 
was  used  locate  sample  points  and  to 
survey  the  grid  into  local  geographic 
features.  The  surface  elevation  of  each 
grid  point  was  recorded  in  the  field. 
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Figure  3.1.  Location  of  35  STARS  bulk  samples  from  Silver  Bow  Creek  site. 
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Figure  3.2.  Location  of  Silver  Bow  Creek  RI/FS  STARS  Phase  II  Site  2 study  plots  for  class  "T"  in-place  tailings. 
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Figure  3.3.  Location  of  Silver  Bow  Creek  RI/FS  STARS  Phase  II  Site  7 study  plots  for  class  2 wastes. 
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Figure  3.4.  Location  of  Silver  Bow  Creek  RI/FS  STARS  Phase  II  Site  21  study  plots  for  class  3 wastes. 
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Figure  3.5.  Location  of  Silver  Bow  Creek  RI/FS  STARS  Phase  II  Site  27  study  plots  for  class  "F"  flood  affected  agricultural 
soils. 
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Figure  3.6.  Location  of  Silver  Bow  Creek  RI/FS  STARS  Phase  II  Site  33  study  plots  for  class  1 wastes. 


3.3  FIELD  MEASUREMENTS 

Samples  were  collected  from  the 
surface  0 to  6 inch  layer  at  each  grid  point. 
In  addition,  deep  samples  were  collected 
at  100  foot  centers  at  depth  increments  of 
6 to  18,  and  18  to  48  inches.  The  depth 
of  tailings  and  depth  to  groundwater  was 
measured  in  each  of  the  deep  sample  hole 
locations.  At  each  site,  soil  profile 
descriptions  were  developed  to  identify 
characteristics  of  deposits  with  depth  (refer 
to  Phase  I report  (MSU  and  Schafer  and 
Associates  1989)). 

Field  measurements  of  soil  samples 
included  saturated  soil  paste  pH,  EC  of  a 
1:10  soil/solution  suspension,  and  total 
metal  levels  measured  by  X-ray 
Fluorescence  Spectroscopy  (XRF).  All 
field  data  were  recorded  on  prepared  field 
forms  to  facilitate  accurate  recording  of 
data  and  to  insure  that  proper  calibration 
and  decontamination  procedures  that  were 
outlined  in  the  planning  documents  were 
followed.  Results  of  all  field  measurements 
are  presented  in  Appendix  C. 

The  principles  of  XRF  spectroscopy 
are  provided  in  Appendix  A.  The  portable 
XRF  unit  (manufactured  by  Aurora-Tech, 
Model  ATX- 100)  was  calibrated  by 
measuring  the  35  bulk  samples  collected 
as  part  of  Phase  I.  A suite  of  calibration 
curves  were  generated  for  several  elements 
(Fe,  Mn,  Zn,  Cu,  As,  and  Pb)  by 
calculating  regresson  equations  of  the 
laboratory  metal  concentrations  against  the 
metal’s  "index  value"  read  from  the  field 
XRF.  In  order  to  improve  the  correlation 
of  the  calibration,  an  attempt  was  made  to 
correct  for  interference  from  neighboring 
elemental  emission  lines  by  combining 
neighboring  metals  index  values  in  a 
multivariate  equation.  The  degree  of 


correlation  achieved  with  the  portable 
XRF  calibrated  in  this  manner  was 
surprisingly  good  with  coefficients  of 
determination  ranging  from  R2=0.56  for 
Mn  to  R2=0.98  for  As.  A detailed 
description  of  the  XRF  calibration 
procedure  is  also  contained  in  Appendix 
A Appendix  E contains  a complete 
description  of  data  quality  for  field 
measurements. 

3.4  DATA  ANALYSIS 

Individual  data  points  were  analyzed 
by  a block  kriging  program  which  is  a 
statistical  technique  for  drawing  contour 
lines  of  equal  concentration  (isoarithm)  on 
maps  of  the  site.  This  statistical  program 
also  provides  an  estimate  of  variability  of 
measured  parameters.  Hence,  the  plots 
could  be  located  in  areas  with  levels  of 
key  parameters  within  known  confidence 
limits  of  a particular  target  value.  For 
example,  if  total  zinc  of  the  Phase  I bulk 
sample  was  2100  mg/kg,  we  would  choose 
to  locate  plots  only  on  sites  the  90  percent 
confidence  level  of  that  value.  If  the  90 
percent  confidence  level  corresponded  to 
±300  mg/kg  zinc,  then  plots  could  be 
placed  where  zinc  values  ranged  from 
1800  to  2400  mg/kg  zinc. 

Maps  were  assembled  of  the  kriged 
data  values  and  variances.  If  a semi- 
variogram  model  could  not  be  constructed 
then  estimated  values  were  plotted  onto 
maps  using  an  inverse  distance  squared 
interpolation  method.  Locations  within 
the  gridded  area  were  then  identified  that 
appeared  to  have  the  most  uniform 
chemical  characteristics  based  upon  pH, 
EC,  As,  and  Zn  levels.  Other  XRF  metals 
(Cu,  Pb,  Fe,  Mn)  data  were  either  not 
reliably  correlated  with  laboratory  data, 
were  correlated  with  Zn  or  As  levels,  or 
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could  not  be  kriged.  Replicate  sets  of 
study  plots  were  located  in  the 
homogeneous  areas  identified. 

3.5  KRIGED  MAPS 

Kriged  maps  of  pH,  EC,  Zn  , As 
concentrations  were  prepared  for  each  of 
the  five  field  sites.  In  addition,  maps  of 
tailings  thickness  and  depth  to 
groundwater  were  prepared  using  an 
inverse  distance  squared  interpolation 
method.  These  parameters  were  plotted 
in  order  to  locate  the  field  plots.  Areas 
which  varied  significantly  from  the  bulk 
sample  characteristics  as  well  as  those 
areas  posing  implementation  and 
construction  problems  were  avoided.  In 
addition,  small  zones  of  anomolously  low 
or  high  metal  concentrations  (hotspots) 
were  avoided  to  reduce  the  variability  in 
experimental  results  in  the  STARS  plot 
results.  Figures  3.7  through  3.11  are  plot 
location  maps  for  each  of  the  five  sites 
which  resulted  from  the  use  of  the  kriging 
technique.  Kriged  maps  for  each 
parameter  are  included  along  with 
variance  map  overlays  in  Appendix  C. 
Guidelines  for  interpretation  of  the  kriged 
maps  in  Appendix  C are  provided  below. 
Pertinent  information  specific  to  the 
individual  sites  is  discussed  in  Sections 
3.5.2  through  3.5.6. 

3.5.1  Kriged  Map  Interpretation 

Maps  were  prepared  for  each 
parameter  analyzed  (pH,  EC,  As  and  Zn) 
and  for  each  site  (Appendix  C).  Two 
maps  were  prepared  for  each  parameter. 
A base  map  was  developed  which  contains 
isarithms  for  kriged  values,  sample  plot 
locations,  bulk  sample  site  location,  and 
prominent  topographic  features.  The 
second  map  is  an  overlay  on  transparent 


paper  containing  isarithms  for  kriging 
variances  and  the  locations  of  the  XRF 
sample  sites.  At  the  sites  (7,  27  and  33) 
arsenic  could  not  be  mapped  using  kriging 
techniques  because  a valid  semi-variogram 
model  could  not  be  validated.  For  these 
sites  the  As  map  overlay  contains  only  the 
locations  of  the  XRF  sample  sites. 

Kriging  provides  a means  of  spatial 
data  interpolation  which  produces 
estimates  of  the  mean  values  and  variance 
of  tailing  properties  at  unrecorded 
locations.  Variance  estimates  can  be  used 
to  determine  confidence  limits  on  the 
kriged  values.  A standard  95%  gaussian 
confidence  interval  can  be  placed  on  a 
kriged  estimate  using  the  following 
equation, 

(kriged  value)  ± t • (kriging  variance)1/2 

A t-value  of  2 (which  corresponds  to  a 
large  sample  size)  should  be  used  when 
determining  confidence  limits. 

As  an  example  of  how  confidence 
limits  can  be  determined  refer  to  the 
kriged  maps  for  Zn  at  site  2.  The  Zn 
kriged  value  isarithm  of  3.8  and  the  0.02 
variance  isarithm  cross  on  the  extra 
treatment  for  replication  two  (plot  number 
9).  At  this  location  the  average  Zn 
concentration  (loglO  (mg/kg))  is  3.8  (6,310 
mg/kg).  The  95%  confidence  limit  on  this 
estimate  can  be  determined  as  follows, 

3.8  ± 2 • (0.02)ly2  = 3.8  ± 0.28 

The  following  calculations  show  how  upper 
and  lower  confidence  limits  can  be 
calculated.  The  log10  values  are  converted 
to  actual  elemental  concentrations, 

95%  Upper  limit  = 3.8  + 0.28  = 4.08  * 
10408  _ 12,023  mg/kg 
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95%  Lower  limit  = 3.8  - 0.28  = 3.52  ~ 
10352  = 3,311  mg/kg 

Variance  line  behavior  is  dependent 
on  the  locations  of  the  XRF  sample  sites 
and  the  semi-variogram  model  used  when 
kriging.  Where  the  sample  points  are 
clustered  more  closely  together  the 
variance  is  the  lowest.  This  is  because 
more  accurate  spatial  estimates  of 
concentration  can  be  made  where  the 
points  are  closely  spaced.  At  the  margins 
of  the  maps  where  data  spacing  is  wider, 
variance  is  higher,  hence  data  accuracy  is 
lower. 

Isarithm  maps  were  also  created  for 
the  parameters  depth  to  groundwater  at 
sites  2,  7 and  21,  and  tailings  thickness  at 
sites  2,  7,  21  and  33  (See  Appendix  C). 
Isarithms  were  generated  using  an  inverse 
distance  squared  method  of  interpolation. 
Variance  maps  were  not  created  since 
kriging  was  not  used  to  interpolate  values. 

3.5.2  Manganese  Stockpile  / Site  2 

Plot  locations  at  Site  2 were 
selected  to  avoid  pH  and  Zn  levels  in  the 
northeast  corner  of  the  site  that  were  not 
typical  of  the  bulk  sample  site  (pH  above 
pH  4,  Zn  < 2,500  mg/kg).  Soil  EC  levels 
were  also  lower  in  the  northeast  corner 
indicating  less  historical  acid  production 
through  pyrite  oxidation  in  this  corner  of 
the  grid.  Tailings  thickness  and  depth  to 
groundwater  were  at  a maximum  where 
the  plots  were  sited.  A zone  of 
anamolously  high  Zn  and  As  centered  at 
2000,2000  also  influenced  plot  placement. 
Location  of  the  Mn  ore  stockpiles  posed 
an  obstacle  to  plot  construction.  The 


XRF  Zn  levels  ranged  from  3000  to  5000 
mg/kg  within  the  plot  areas  selected  for 
plot  construction  (Table  3.1)  while  As 
levels  varied  from  600  to  1200  mg/kg. 
Both  metals  were  more  elevated  in  the 
bulk  sample  (Zn  = 12000  mg/kg,  As  = 
1740  mg/kg)  which  appeared  to  have  been 
taken  from  a non-representative  "hotspot". 

3.53  Rocker  Site  / Site  7 

The  grid  area  was  laid  out  on  both 
sides  of  Silver  Bow  Creek  in  two  areas 
chosen  where  uniform  Class  2 tailings  were 
found  in  an  extent  large  enough  to 
facilitate  plot  constuction.  Zones  with  pH 
above  4.5  were  avoided  as  were  zones  with 
Zn  < 1200  mg/kg  and  As  < 200  mg/kg. 
In  addition,  plots  were  placed  where 
tailings  thickness  exceeded  60  cm.  Depth 
to  groundwater  averaged  60  cm  in  block 
1 and  2 and  100  cm  in  block  3 and  4. 
Plot  locations  at  Site  7 were  chosen 
primarily  to  fit  the  extent  of  Class  2 
tailings. 

3.5.4  Ramsay  Flats  / Site  21 

Plots  were  located  in  the  western 
portion  of  the  grid  where  areas  with 
uniform  pH,  EC  and  depth  to 
groundwater,  as  well  as  lower  and  less 
variable  Zn  concentrations  were  found. 
The  eastern  portion  of  the  plots  had 
rapidly  changing  metal  levels  over  short 
distances  which  might  have  resulted  in 
more  variable  plot  response.  While  metal 
levels  in  the  plot  were  lower  than  in  the 
bulk  sample  (Table  3.1,  Appendix  C),  soil 
pH  was  similar  and  EC  was  elevated  in 
both  the  bulk  sample  and  in  the  plot 
location. 
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3.5.5  Agricultural  Site  / Site  27 

Plots  at  this  site  were  placed 
downgradient  of  an  old  irrigation  ditch. 
This  was  an  area  affected  by  irrigation 
water  from  Silver  Bow  Creek.  The 
location  of  fences  and  localized  zones  of 
low  pH  and  elevated  Zn  were  also 
avoided  when  siting  plots.  Average 
chemical  and  physical  characteristics  of  the 
plot  area  are  shown  in  Table  3.1. 


3.5.6  Opportunity  Site  / Site  33 

Criteria  guiding  selection  of  plot 
location  at  Site  33  were  the  similiarities 
between  pH  and  As  levels  of  the  plot 
location  to  that  of  the  bulk  sample.  Also, 
areas  with  elevated  pH,  As  and  Zn  values 
in  the  northeast  comer  of  the  site  were 
avoided. 


Table  3.1.  Estimated  range  of  chemical  characteristics  for  each  of  the  STARS  plot  areas 
determined  from  maps  of  grid  data. 


Site 

pH 

1:10  EC 
(mmhos 
/cm) 

Zn 

(mg/kg) 

As 

Tailings 

Depth 

(cm) 

Groundwater 

Depth 

(cm) 

2 

3.0-3.5 

0.5-1.0 

3000-5000 

600-1200 

80-100 

90-110 

7 

3.5-4.5 

0.1-0.2 

1200-1600 

200-400 

55-65 

60-100 

21 

3.4-3.9 

1.2-1.4 

4000-4400 

1100-1400 

50-60 

165-200 

27 

4. 1-4.5 

0.1-0.3 

2200-2600 

150-400 

<15 

>200 

33 

3.4-3.8 

0.6-1.0 

2000-2500 

200-300 

25-40 

>200 
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Figure  3.7  Detailed  location  of  Silver  Bow  Creek  RI/FS  STARS  Phase  II  field  plots  and  treatments  for  site  2 class 
place  tailings. 
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Figure  3.8  Detailed  location  of  Silver  Bow  Creek  RI/FS  STARS  Phase  II  field  plots  and  treatments  tor  site  7 class  2 wastes. 


SITE  21!  (RAMSAY  FLATS):  WASTE  TYPE  3 
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Figure  3.9  Detailed  location  of  Silver  Bow  Creek  Rl/1  S STARS  Phase  II  field  plots  and  treatments  for  site  21  class  3 wastes. 


SITE  27!  TYPE  F - FLOODED  AGRICULTURAL  SOIL 
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flood-affected  agricultural  soils. 


SITE  33!  TYPE  1 WASTE 
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Figure  3.11  Detailed  location  of  Silver  Bow  Creek  RI/FS  STARS  Phase  II  field  plots  and  treatments  for  site  33  class 
wastes. 


SECTION  4.0 


4.0  PLOT  SAMPLING 


4.1  APPROACH 

The  objective  of  the  Phase  I column 
studies  was  to  formulate  a suite  of 
chemical  amendments  and  to  select 
appropriate  plant  species  for  revegetating 
each  waste  type.  The  objective  of  STARS 
field  treatability  studies  was  to  test  the 
performance  of  treatments  designed  in 
Phase  I.  Performance  of  soil  amendments 
is  strongly  affected  by  methods  of 
incorporation.  As  a result  amendments 
were  incorporated  into  soils  using  1) 
standard  agricultural  equipment  (plow, 
rototiller),  2)  using  a mechanical 
deep-incorporation  tool  (deep  plow),  and 
3)  using  pressure  injection.  A brief 
background  on  each  incorporation  method 
is  provided  in  Section  7.0.  Variable 
coversoil  thickness  was  also  applied  over 
chemically-amended  waste  with  the 
exception  of  the  agricultural  site  (site  27). 
A coversoil  "wedge"  varying  from  0 to  18 
inches  in  thickness  was  constructed  at  each 
site  for  this  purpose. 

Figure  4.1  illustrates  the  master  plot 
design  for  the  Phase  II  STARS  field  plots. 
There  are  five  primary  soil  treatments 
including  a 1)  control,  2)  agricultural 
implement  incorporation  (6  inch  depth), 
3)  a mechanical  deep-incorporation 
treatment  (48  inch  depth),  4)  a pressure 
slurry  injection  treatment  (entire  depth  of 


waste  deposit),  and  5)  a 0 to  18  inch  thick 
topsoil  wedge  over  waste  amended  to  6 
inches  in  depth.  A sixth  plot  was  included 
in  the  plot  layout  for  any  additional 
treatments  that  investigators  may  want  to 
test  after  initiation  of  the  experiment. 

Soil  treatments  were  implemented  in 
16  by  20  foot  plots.  The  six  soil  treatment 
plots  were  separated  by  an  eight  foot 
buffer  zone  to  allow  machinery  access  and 
to  avoid  overlapping  treatment  effects. 
The  relative  placement  of  the  soil 
treatments  was  selected  randomly  with  the 
exception  of  the  topsoil  wedges.  These 
were  placed  at  one  end  of  the  set  of  plots 
to  facilitate  machinery  access.  Two 
alternate  arrangements  of  the  six  plots 
(which  together  form  one  replicate  or 
"block")  are  shown  in  Figure  4.1. 
Depending  on  the  pattern  of  spatial 
variability  found  at  each  site,  various  plot 
configurations  were  used  to  fit  into 
homogeneous  areas. 

At  each  field  location,  four  replicate 
sets  of  treatments  (blocks)  were  delineated 
in  homogeneous  areas  with  chemical 
properties  similar  to  the  bulk  sample 
collected  from  the  site.  The  plot  locations 
were  staked  and  base  maps  showing  plot 
locations  were  developed  (Figures  3.7 
through  3.11) 
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Figure  4.1.  Master  plot  design  for  the  Phase  II  STARS  field  study. 


4.2  PRELIMINARY  SAMPLING 

Samples  were  collected  from  plots  for 
four  purposes  1)  to  measure  chemical  and 
physical  parameters  required  for  design  of 
soil  amendment  rates,  2)  to  measure  levels 
of  plant  nutrients  to  design  initial  fertilizer 
rates,  3)  to  measure  total  metal  levels  for 
verification  of  XRF  results,  and  4)  to 
archive  samples  representative  of  baseline 
(pre-amendment)  conditions  for  later  soil 
chemical  analyses. 

Samples  were  collected  from 
throughout  the  zone  of  amendment 
incorporation.  All  plots  were  sampled 
from  0 to  6 inches.  The  mechanical 
deep-incorporation  and  pressure-injection 


plots  were  also  sampled  from  6 to  18 
inches  in  depth.  Finally,  the 
pressure-injection  plots  were  sampled  from 
18  to  48  inches  in  depth.  Cover-soil  from 
an  off-site  source  of  material  was  also 
sampled  for  analysis. 

For  0 to  6 inch  samples,  a 1-inch 
diameter  stainless  steel  core  sampler  was 
used  to  collect  at  least  20  cores  distributed 
throughout  the  plot  areas.  The  individual 
cores  were  composited  and  mixed.  Three 
splits  were  taken  from  the  composite 
sample  for  analyses  described  above.  A 
hydraulically-driven  2-inch  diameter 
King-tube  was  used  to  collect  deeper 
samples  from  four  locations  per  plot. 
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These  samples  were  composited  and  split 
similar  to  the  0 to  6 inch  samples. 

Samples  for  nutrient  analysis  were 
split  from  individual  plot  samples  and  then 
composited  by  block  to  reduce  the  number 
of  analyses.  A fertilizer  rate  for  each 
replicate  set  of  treatments  was  assembled 
based  on  results  of  these  analyses  and  is 
discussed  in  Section  6.0. 

4.3  PLOT  SAMPLING  RESULTS 

Laboratory  analysis  of  the  STARS 
field  plots  included  sulfur  fractionation  (as 
descibed  in  the  LAP  (MSU  and  Schafer 
and  Associates  1987a)  to  determine  lime 
application  rates,  soil  nutrient  analysis  to 
determine  fertilizer  rates,  and  analysis  of 
basic  soil  chemical  and  physical 
parameters  (pH,  EC,  and  texture)  to 
assess  plot  uniformity.  Detailed  results  of 
the  sulfur  analysis,  soil  nutrient  analysis, 
and  basic  soil  physical  and  chemical 
analyses  are  found  in  Appendix  C (Tables 
C-7  through  C-23). 

43.1  Class  T Tailings 

Tailings  material  at  site  2 was  very 
acid  (pH  2.5  to  3.5)  and  saline  (EC  5 to 
15  mmhos/cm)  throughout  the  depth 
sampled  (Table  4.1).  Total  sulfur  was  the 
highest  of  any  site  (over  3 percent)  with 
the  majority  of  the  sulfur  in  the  pyrite 
fraction.  Sulfur  and  pyrite  content 
increased  with  depth  suggesting  that 
tailings  are  less  weathered  at  depth  on  this 
site.  The  active  acidity  measured  by  the 
SMP  buffer  test  was  lower  than  expected 
for  such  low  pH  levels.  Soils  were 
medium-textured  (silty).  Nutrient  levels 
were  extremely  low. 

43.2  Class  2 Tailings 

Waste  materials  at  site  7 were 


coarse-textured,  had  moderately  low  pH 
(3.5  to  4.0)  but  were  not  as  saline  as  other 
sites.  Total  sulfur  levels  were  much  lower 
than  at  site  2,  but  pyrite  was  still  the 
predominant  sulfur  form.  The  SMP  buffer 
lime  rates  were  lower  than  any  other  site. 

433  Class  3 Tailings 

Site  21  waste  was  typical  of  type  3 
tailings  in  having  moderatley  low  pH,  high 
EC,  and  silty  textures.  While  total  sulfur 
was  generally  in  the  range  of  1.0  to  1.4 
percent,  only  0.2  to  0.3  percent  pyrite  was 
generally  found.  The  jarositic  sulfur 
fraction  was  more  predominant  (0.2  to  0.4 
percent).  Sulfur  levels  decreased  while  pH 
levels  increased  with  depth  as  expected 
due  to  the  presence  of  natural  soil 
material  buried  below  the  tailings.  Levels 
of  K and  P were  low  on  this  site,  while  N 
levels  appeared  to  be  high,  except  on 
block  4 which  had  very  low  levels  of  N. 

43.4  Class  F Tailings 

The  agricultural  soil  (site  27)  had 
higher  pH  levels  than  other  sites  (3.5  to 
4.5)  due  to  the  presence  of  only  a 
relatively  thin  layer  of  tailings  deposited 
( <15cm).  Sulfur  levels  were  very  low 
(less  than  0.2  percent  total  S)  on  site  27 
indicating  that  there  is  little  potential  for 
future  acid  production,  though  active 
acidity  levels  were  high.  The  levels  of  N 
and  K were  fairly  high  while  P was  low  on 
this  site. 

43.5  Class  1 Tailings 

Waste  material  at  site  33  had  low 
pH  levels  but  moderately  high  levels  of 
salinity.  Particle  size  data  were  typical 
for  a class  1 tailings  (sandy).  Total  sulfur 
levels  were  only  0.4  to  0.7  percent  with  the 
jarosite  as  the  predominant  sulfur  form. 
Plant  nutrient  levels  were  low. 
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Table  4.1.  Estimated  range  of  chemical  and  physical  properties  of  samples  taken  from  STARS  field  plots  prior  to  addition  of 
chemical  amendments. 


e 

! i 

i 

i 

• w-4  ^ 

<10 

<50 

in 

04  . 

rH 

006 

o 

2 • 

700 

d 'op 

a < 

o , 

<N  , 

o , 

o , 

04  . 

G3  w 

£ i 

1 

i—i 

T-t 

04 

04 

rH  ' 

z 1 

<1 

r— ( , 

30 

80 

30 

rH 

Ut 

,<U 

Stt  ~ 

3 O 

CQ  S 

o 
Cu  d. 
^ S W 
E co 

10-20 

5-10 

5-10 

5-10 

30-40 

0-20 

20-25 

0.0 

20-30 

0-10 

o 

d 

C/2  § 

6 .a  j 

'St  04 

U .ts 

co 

H r— ♦ 

d d 

'St 

-G  55  ! 

o d 

■ i 

rH  rH 

• rH 

U 2 
M g j 
,3  ! 

04  O 

d d 

d d 
V V 

04  O 

d d 

d d 
V V 

9 d 

<N  V 
O 

0*0 

*73  O 

CO  04 

CO  its  ^ 

in 

o d 

rH  rH 

rH  rH 

£* w 

O CO 
1 1 

9 ° 

i i 

i-i  o 

d d 

d d 

Ph  : 

CO  O 

<N  V 

d d 

V V 

V V 

i 

i 

O oi 

o 

i 

! i 

i 

lO  p 

P ^ 

'St  00 

O'  04 

BJ  j 

4->  • 

rH  in 

i i 

9 d 

rH  O 
i i 

9 2 

d d 

■ i 

o 

o ! 
H ! 

vq  p 

O CO 

p v 
o 

O Tfr 
T-i  d 

s v 

'Sl-  O 

d d 

d 

.52 

& 

■g  >>  . 

2 g ! 

|o  j 

m m 

co  m 

o m 

•n  m 

o 

m 

T— 1 rH 

04  rH 

rH  rH 

rH 

<u 

i N 1 

• ^ 
w 

o o 

r-  m 

O m 

o o 

m 

in 

m in 

rH 

m 'st 

in  m 

04 

rH 

d T3  i 

£ § • 

•n  in 

o o 

o o 

m in 

m 

o 

Cl,  go  ! 

co  co 

ON  00 

CO  'St 

co  co 

VO 

00 

04 

C/2 

i 

o 

VO 

t— t m 

rH 

O s' 

“ !l 

in  m 

r- 1 r— t 

04  04 
1 1 

"Sf  rt 

o 

rH  Tj- 

d 

l i 

in  *n 

04  04 

o CO 

i i 

04  04 

1 1 
m 04 

•n 

m p 

O O 

p O 

in  o 

p p 

00 

i 

X 

co  in 

Tt  "St 

■st  d 

'st  d 

-st  00 

in 

a 

in  O 

in  in 

VO  O 

in  p 

O O 

O' 

04  co’ 

CO  CO 

CO  'St 

CO  'st 

co’  O' 

,r-> 

,, — v 

O d 

O d 

O d 

o d 

•o  d 

G •- 

c 

G 

G 

G — ' 

*"  00 

00 

00 

’o 

00 

00 

00  Tt 

00  Tt 

00  'St 

C/3 

00  'st 

i i 

00  'St 
1 1 

1 1 
O 00 

1 1 
O 00 

■ i 

O 00 

Ir 

1) 

13 

O 00 

O 00 

' — ^ ^ 

^ 

> 

s— ' 

v-^ 

rH  r-H 

O'  O' 

CO  CO 

o 

U 

c/5 

04  04 

O' 

04  04 

04  04 

CO  CO 

30 


SECTION  5.0 


5.0  MICROPLOT  STUDY 


5.1  OBJECTIVES 

Results  from  the  column  studies 
performed  as  part  of  the  STARS  Phase  I 
investigation  (Reclamation  Research  Unit 
and  Schafer  and  Associates  1989)  indicated 
that  a combination  of  hydrated  lime 
(Ca(OH)2)  and  agricultural  lime  (CaC03) 
would  substantially  reduce  metal  mobility. 
It  was  determined  that  water  had  to  be 
added  to  a waste-lime  mixture  to  facilitate 
the  reactions.  The  amount  of  water 
needed  was  uncertain.  The  ability  to 
mechanically  mix  lime  with  waste  using 
tillage  tools  to  insure  complete 
neutralization  of  waste  was  also  untested 
in  the  field.  The  effectiveness  of  lime 
amendments  in  reducing  metal  solubility 
in  the  field  was  also  unknown.  Finally  the 
rate  of  pH  change  in  the  field  was  not 
known. 

On  four  of  the  six  soils  tested  in 
Phase  I STARS,  CaC03  (agricultural  lime, 


the  commonly  used  neutralizing 
amendment  for  treating  acid  soils)  was  less 
effective  in  increasing  pH  and  in  reducing 
metals  in  leachate  than  either  Ca(OH)2 
(hydrated  lime)  or  CaO  (quicklime). 
Typical  results  are  shown  in  Table  5.1 
The  metal  release  for  tailings  Type  1 
without  an  amendment  (control)  was 
reduced  substantially  through  use  of  either 
CaC03  or  Ca(OH)2.  For  tailings  Type  T, 
CaC03  was  not  effective  in  reducing  metal 
levels  sufficiently  while  Ca(OH)2  was 
effective.  Initially,  the  reason  for  the 
better  efficiency  of  Ca(OH)2  was  thought 
to  be  the  higher  pH  achieved.  It  was  also 
recognized  that  this  elevated  pH  would  not 
persist  in  the  field  (McElroy  1982,  Figure 
5.1).  The  reactions  shown  below 
(equations  1-4)  happen  in  the  field  so  that 
after  a period  of  equilibration,  a Ca(OH)2 
amended  soil  should  be  identical 
chemically  to  a CaC03  amended  soil. 


Ca(OH)2 

= Ca++  + 2 OH 

(i) 

OH-  + C02 

= hco3 

(2) 

HC03  + OH- 

= co3  - + h2o 

(3) 

C03-  + Ca++ 

= CaC03 

(4) 
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Table  5.1.  Preliminary  column  study  results  for  waste  type  1 and  waste  type  T. 


Waste  Amendment  Saturation  pH  EC  Cu  Zn  As 

Type  (%)  (mmhos/cm)  — — (mg/kg  soil  — 


1 Control 

CaC03 
Ca(OH)2 
Ca(0H)2+C02 
T Control 

CaC03  38.9 

Ca(OH)2 

Ca(0H)2+C02 


29.6 

4.2 

1.36 

31.0 

7.3 

2.30 

40.5 

11.5 

1.56 

30.0 

7.0 

2.42 

34.2 

4.4 

1.45 

6.7 

2.80 

18 

44.0 

12.0 

6.70 

47.4 

7.8 

2.11 

108. 

118. 

.0037 

0.15 

0.48 

.0053 

1.34 

0.02 

.062 

0.52 

0.97 

.010 

798. 

1331. 

2113. 

.037 

1.3 

1.0 

.0059 

0.27 

0.31 

.026 

Investigators  have  shown  that  a soil  in 
equilibrium  with  solid  CaC03  and 
atmospheric  levels  of  dissolved  C02  should 
have  a pH  of  8.3  to  8.5.  Presence  of 
sodium  will  elevate  this  to  near  9.3,  while 
presence  of  more  soluble  sources  of  Ca 
(gypsum)  may  lower  the  pH  to  7.5.  The 
time  required  for  the  elevated  pH  in  a 
Ca(OH)2  amended  soil  to  drop  from  12 
to  8 has  been  reported  to  be  as  long  as 
12  months  or  more  (McElroy  1982,  Figure 
5.1). 

In  the  Phase  I column  studies,  pure 
C02  gas  was  introduced  to  increase  the 
reaction  rates  of  the  equations  shown 
above.  It  was  found  that  when  Ca(OH)2 
was  added  and  was  reacted  to  form 
CaC03,  the  reduction  in  metal  solubility 
was  equivalent  to  Ca(OH)2  without 
introduced  C02  gas.  It  appears  that  there 
is  an  advantage  to  raising  the  pH  above 
10  ("over-neutralization")  and  allowing  it 
to  drift  back  to  an  equilibrium  level  near 


8.  The  formation  of  CaC03  in-situ  may 
scavenge  metals  out  of  the  system  by 
co-precipitation.  Added  CaC03  may  be 
coated  by  iron  oxides  in  very  acid  soils 
thus  limiting  reactivity.  The  higher 
solubility  of  Ca(OH)2  may  alleviate  the 
coating  phenomenon.  Regardless  of 
specific  mechanisms,  column  studies 
indicate  that  Ca(OH)2  or  CaO  must  be 
added  to  achieve  over-  neutralization  if 
metal  levels  are  to  be  reduced. 

A review  of  use  of  Ca(OH)2  and  CaO 
for  soil  stabilization  indicated  that  water 
must  be  added  to  facilitate  the  reaction. 
It  was  unclear  how  much  water  had  to  be 
added  and  if  soils  would  remain  in  a 
physical  condition  conducive  to  tillage 
operations  so  that  amendments  could  be 
worked  into  soil.  Secondly,  it  was  unclear 
how  long  the  elevated  pH  levels  would 
persist  in  an  over-neutralized  soil.  The 
combined  use 
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ph  = 10.34  - 1.553  log  (T months) 
r = 0.937 


. — T_ — _ — _r — _ — | i 

0.1  I 10  100 

TIME  (MONTHS) 

Figure  5.1.  Amended  clay  soil  pH  measured  after  treatment  with  2 to  3 percent  Ca(OH)2 
or  CaO  (from  McElroy  1982) 


of  smaller  fractions  of  Ca(OH)2  or  CaO 
was  tested  to  achieve  immediate  PH 
control  with  the  remaining  long-term  lime 
requirement  satisfied  by  an  addition  of 
CaC03.  It  was  thought  that  serial 
application  of  Ca(OH)2  or  CaO  in 
combination  with  CaC03  would  reduce  the 
persistence  of  high  pH  levels  in  treated 
soils.  Finally,  it  was  unclear  what  effects 
various  lime  treatments  would  have  in  the 
field  on  soluble  metal  levels.  It  was 
hoped  that  the  response  seen  in  column 
studies  could  be  duplicated  in  small  field 
plots. 


5.2  APPROACH 

Soil  amendment  microplots  (1x2 
meters)  were  installed  on  two  sites 
(tailings  type  1,  Site  33  and  tailings  type 
3,  Site  21),  one  which  responded  well  to 
CaC03  application  and  one  which  did  not. 
Treatments  included  a 1)  control,  2) 
CaC03,  3)  Ca(OH)2,  4)  CaC03/Ca(0H)2 
blend  1,  and  5)  CaC05/Ca(0H)2  blend  2. 
On  Site  21  quicklime  (CaO)  was  also 
applied  to  the  microplots.  These 
treatments  were  incorporated  both  dry  and 
wetted  for  a total  of  12  microplots  at  Site 
33  and  14  microplots  at  Site  21  (Figure 
5.2).  There  was  no  replication  of 
treatments. 
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MICROPLOT  TREATMENTS 


DRY 


1 

CoC03 

2 

CoOH)2 

3 

80/20 

4 

60/40 



• 

5 

6 

| 

7 

S 

Control 

Control 

i 

Control 

Control 

WET 


9 

10 

II 

12 

CoC03 

Ca(OH^ 

80/20 

60/40 

scale 


■i 


Figure  5.2.  Arrangement  of  microplot  treatments  at  site  21  and  33. 


Amendment  rates  were  taken  from 
the  column  studies  conducted  on  bulk 
samples  21  and  33.  Rates  were  adjusted 
for  purity  (Table  5.2).  Soil  amendments 
for  each  microplot  were  weighed  and 
placed  into  plastic  sacks  in  the  laboratory. 
In  the  field,  plots  were  staked  into  the 
configuration  shown  in  Figure  5.2  and 
amendments  were  surface-applied  and 
were  incorporated  dry  with  a rear-tine 
garden  roto-tiller.  Water  was  then  added 
to  each  of  the  wetted  plots.  Water  was 
added  in  three  0.6  inch  increments 
followed  by  a tillage  operation  for  a total 
of  1.8  inches  of  applied  water. 

The  degree  of  mixing  of  the  lime 
with  acid  tailings  was  assessed  by  applying 


a colorimetric  pH-sensitive  dye  to  a 
cross-section  of  amended  soil.  High  pH 
soil  zones  turn  purple  while  acid  zones 
turn  yellow. 

Soil  samples  were  collected  from 
each  microplot  before  addition  of 
amendments  by  compositing  roughly  10 
cores  from  the  0 to  5 inch  zone  of 
incorporation.  Samples  were  again 
collected  1 day  and  30  days  after 
amendments  were  added.  Measured 
response  to  these  treatments  included  pH, 
EC,  and  dissolved  levels  of  Cu,  Zn,  and 
As.  Field  pH  was  measured  for  samples 
collected  1 day  after  amendments  were 
added  because  pH  was  expected  to  change 
rapidly  during  this  time  period  and 
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laboratory  tests  could  not  be  completed 
within  hours  of  sampling. 

Laboratory  tests  were  run  to 
determine  the  effects  of  added  water  on 
the  pH  of  waste  amended  with  lime 
materials.  Use  of  slurry  of  soil  or  a 
saturated  paste  extract  could  not  be  used 
to  identify  pH  differences  between  dry  and 
wetted  plots  because  water  is  added  for 
the  test.  Hence,  any  differences  in  added 
water  between  treatments  disappear  when 
pH  is  measured  by  the  slurry  method.  In 
order  to  measure  soil  solution  pH  without 
adding  water,  a sample  of  solution  must 
be  extracted  from  a sample  not  at 
saturation.  Methods  have  been  devolped 
for  extracting  dry  soils  using  immiscible 
liquids  (Mubarak  and  Olsen  1976). 

Pre-amendment  samples  from  all 


plots  were  composited  for  both  sites. 
These  composite  samples  of  unamended 
waste  were  then  split  into  fifteen 
subsamples.  Next  treatments 
corresponding  to  a control,  pure  Ca(OH)2, 
and  60%  CaC03  with  40  % Ca(OH)2  were 
added  and  five  levels  of  saturation  were 
applied  across  each  treatment  including  0, 
10,  20,  40,  and  60  % added  water 
(gravimetric).  After  a 24  hour 
equilibration  period,  soil  solution  was 
removed  by  immiscible  liquid  displacement 
obtained  by  ultra-centrifugation  of  a 
soil/freon  mixture.  Supernatant  soil 
solution  was  pipetted  into  vials  and  pH 
and  EC  were  measured  immediately. 
Metal  levels  were  also  measured  on 
selected  subsamples.  The  immiscible 
liquid  displacement  analytical  results  are 
especially  useful  for  interpreting  the  pH 
achieved  in  treated  plots  because  no  water 
is  added  to  the  samples. 
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Table  5.2.  Amendment  rates  utilized  in  the  Microplot  field  investigation. 


Plot  Dry/Wet  Treatment  Lime  Added  (pounds/plot) 

CaC03  Ca(OH)2 


Site  21 


1 

Dry 

CaC03  (CC) 

21.8 

- 

2 

Dry 

Ca(OH)2  (CH) 

- 

16.3 

3 

Dry 

80%  CC/20%  CH 

17.44 

3.26 

4 

Dry 

60%  CC/40%  CH 

13.08 

6.5 

5 

Dry 

Control 

- 

- 

6 

Dry 

Control 

- 

. 

7 

Wet 

Control 

- 

_ 

8 

Wet 

Control 

- 

• 

9 

Wet 

CaC03  (CC) 

21.8 

- 

10 

Wet 

Ca(OH)2  (CH) 

- 

16.3 

11 

Wet 

80%  CC/20%  CH 

17.44 

3.26 

12 

Wet 

60%  CC/40%  CH 

13.08 

6.5 

13 

Wet 

CaO 

- 

14 

Wet 

CaO 

Site  33 


1 

Dry 

CaC03  (CC) 

20.57 

- 

2 

Dry 

Ca(OH)2  (CH) 

- 

15.4 

3 

Dry 

80%  CC/20%  CH 

16.46 

3.1 

4 

Dry 

60%  CC/40%  CH 

12.34 

6.2 

5 

Dry 

Control 

- 

- 

6 

Dry 

Control 

- 

- 

7 

Wet 

Control 

- 

- 

8 

Wet 

Control 

- 

- 

9 

Wet 

CaC03  (CC) 

20.57 

- 

10 

Wet 

Ca(OH)2  (CH) 

- 

15.4 

11 

Wet 

80%  CC/20%  CH 

16.46 

3.1 

12 

Wet 

60%  CC/40%  CH 

12.34 

6.2 
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5.3  MICROPLOT  RESULTS 

Microplots  at  both  sites  had 
relatively  uniform  chemical  characteristics 
before  amendments  were  added  (Table 
5.3).  At  site  21  (Class  3 waste),  pH 
ranged  from  3.3  to  3.5,  EC  averaged  20 
mmhos/cm  while  soluble  Cd,  Cu,  and  Zn 
averaged  10,  1000,  and  1500  mg/1 

respectively.  Soluble  As  was  less  than  0.1 
mg/1.  Microplots  at  site  33  (Class  1 waste) 
had  pH  and  EC  values  of  3.3  and  8.0 
mmhos/cm.  The  site  33  waste  samples 
had  lower  soluble  metal  levels  of  1,  100, 
and  150  mg/1  Cd,  Cu,  and  Zn.  Soluble  As 
was  near  the  detection  limit  of  0.01  mg/1. 

Different  forms  of  lime  had  a 
significant  influence  on  waste  slurry  pH 
attained  in  the  field.  When  CaC03  was 
used,  the  pH  climbed  one  day  after 
treatment  to  only  5.5  while  slurry  pH  levels 
of  over  9 were  attained  with  Ca(OH)2 
(Figures  5.3  and  5.4,  Tables  5.3  through 
5.5).  Application  of  CaO  drove  the  pH 
over  11  on  most  plots.  Soil  slurry  pH 
levels  attained  with  mixtures  of  the  two 
amendments  were  intermediate  ranging 
from  6 to  7.  The  addition  of  water  to  the 
plots  appeared  to  have  no  influence  on 
measured  pH  but  it  should  be  noted  that 
in  the  act  of  making  a slurry  pH 
measurement  the  sample  is  brought  to 
saturation  thus  negating  any  moisture 
content  differences  between  treatments. 
In  the  Phase  I column  studies,  pH  levels 
above  7.0  to  7.5  were  generally  associated 
with  greatly  reduced  soluble  metal  levels 
while  pH  in  excess  of  8.5  is  thought  to 
inhibit  vegetation  performance. 

Notable  differences  in  salinity  were 
also  observed  between  treatments.  The 
Ca(OH)2  amended  plots  had  lower  EC 


values  than  either  of  the  other  amended 
plots  or  the  controls.  Control  plot  salinity 
levels  were  usually  higher  than  any  of  the 
amended  plots.  Site  21  was  more  saline 
than  Site  33.  Salt  levels  tended  to  rise 
throughout  the  study.  Samples  collected 
one  month  after  amendments  were  more 
saline  than  samples  collected  after  one 
day.  This  trend  for  increasing  salinity  may 
be  due  to  evaporative  accumulation  of 
salts  at  the  surface  or  continuing  reaction 
of  lime  and  acid  releasing  sulfate  and 
bicarbonate  salts. 

All  treatments  significantly  reduced 
soluble  metal  levels.  On  site  21, 
comparison  of  the  control  plot  chemistry 
with  treated  plots  both  1 day  (Table  5.4) 
and  1 month  (Table  5.5)  after  treatment 
indicates  that  soluble  Cd  was  reduced  by 
2 orders  of  magnitude,  while  soluble 
copper  dropped  by  three  to  four  orders  of 
magnitude.  Relatively  minor  differences 
in  soluble  Cd  and  Cu  were  noted  across 
different  lime  treatments.  The  CaC03 
treatment  was  less  effective  than 
CaC03/Ca(0H)2  mixtures  in  reducing 
soluble  Zn.  Pure  Ca(OH)2  and  CaO 
reduced  soluble  Zn  more  than  4 orders  of 
magnitude  and  were  the  most  effective 
treatments  in  reducing  Zn  levels.  CaC03 
and  lime  mixtures  (i.e.  40%  Ca(OH)2  and 
60  % CaC03)  tended  to  reduce  As 
solubility  compared  to  the  control  plots 
while  addition  of  Ca(OH)2  or  CaO  alone 
increased  As  levels.  Overall,  the  lime 
mixtures  (CaC03  and  Ca(OH)2)  on  site  21 
appeared  to  be  the  best  treatments  in  that 
they  significantly  reduced  Cd,  Cu,  and  Zn 
without  elevating  soluble  As. 

Soluble  levels  of  Cd,  Cu,  and  Zn  in 
site  33  lime  treatments  decreased  by 
roughly  three  orders  of  magnitude 
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compared  to  control  plots.  The  difference 
in  soluble  Zn  between  lime  treatments  was 
less  dramatic  than  at  site  21.  Use  of  pure 
Ca(OH)2  resulted  in  slightly  higher  soluble 
As  and  Cu  than  for  other  amendments. 
The  lime  mixtures  again  appeared  to  be 
superior  to  CaC03  or  Ca(OH)2  used 
alone.  It  was  felt  the  the  decline  in 
soluble  Zn  and  Cu  (by  2 to  3 orders  of 
magnitude)  afforded  by  liming 
amendments  justified  a slight  increase  in 
soluble  As.  Nonetheless,  the  ideal 
combination  of  amendments  sought  were 
those  that  reduced  Cu  and  Zn  mobility 
without  substantially  increasing  As 
mobility. 

Changes  in  soil  slurry  pH  were  noted 
on  different  dates  of  measurement  for 
both  sites  (Figure  5.5  and  5.6).  The  pH 
of  CaC03  amended  soils  gradually  rose  to 
7 to  7.5  one  month  after  treatment. 
Conversely,  the  pH  of  the  Ca(OH)2 
amended  soil  dropped  from  an  initial  level 
of  9 to  near  8.5  after  one  month.  The 
slurry  pH  of  the  lime  mixtures  changed 
little  throughout  the  test  period  and  were 
near  7.5  at  the  conclusion  of  the  study. 
The  CaO  plots  dropped  from  a pH  of  11 
to  near  9.0  after  a month. 

The  Ca(OH)2  amended  plots 
appeared  to  have  the  best-suited  physical 
condition  for  revegetation  (tilth)  at  the 
conclusion  of  the  experiment  as  evidenced 
by  a well-aggregated  structure.  Although 
the  lime  mixtures  also  had  suitable  tilth, 
the  CaC03  and  CaO  plots  and  the 
controls  had  compacted  or  cracked  surface 
conditions. 

Results  of  the  immiscible  liquid 
displacement  study  varied  by  amendment 


type.  For  the  unamended  samples,  there 
was  little  influence  on  pH  from  added  soil 
water.  For  the  lime  mixture,  addition  of 
increasing  amounts  of  soil  water  appeared 
to  increase  solution  pH  especially  for  Site 
21  (Type  3 tailings)  (Figure  5.7  and  5.8). 
However,  increasing  levels  of  soil  water 
had  little  influence  on  the  pH  of  Ca(OH)2- 
amended  Type  1 tailings  and  pH  declined 
with  increasing  soil  water  in  Ca(OH)2- 
amended  Type  3 tailings.  The  more 
reactive  nature  of  Ca(OH)2  may  explain 
the  lack  of  dependence  on  added  soil 
water  to  facilitate  establishment  of 
equilibrium  pH  levels. 

Metal  levels  responded  dramatically 
to  added  water  (Figure  5.9).  Metals  were 
analysed  in  the  60%  CaCO3/40%  Ca(OH)2 
treated  samples  across  varying  water 
content  levels.  At  site  21,  soil  solution  Zn 
exceeded  100  mg/1  if  no  water  was  added 
to  "hydrate"  the  added  lime.  Soluble  Zn 
was  0.1  mg/1  after  water  was  added. 
Soluble  Cu  similarly  dropped  by  nearly 
ten-fold  due  to  addition  of  water.  The 
effects  of  increasing  water  content  was  less 
notable  in  site  33.  The  lack  of  control  of 
metal  solubility  without  addition  of  water 
indicates  that  mellowing  should  be 
employed  for  all  lime  treatments.  The 
higher  water  content  may  improve  the 
ability  of  the  amendments  to  react  with 
waste  material. 

Between  10  and  20  percent  water 
was  added  to  decrease  soluble  metal 
levels.  In  order  to  increase  field  water 
content  by  10  percent  it  would  be 
necessary  to  add  approximately  1.5  inches 
(3.8  cm)  of  water  for  every  foot  (30  cm) 
of  treated  soil  depth. 
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pH  response  to  CaC03/Co( OH )2  mixtures 


Figure  5.3.  Soil  solution  pH  of  field-amended  Silver  Bow  Creek  waste  Type  1 (Site  33) 
for  different  liming  amendments  one  day  after  treatment. 

pH  response  to  CaC03/Ca( 0H)2  mixtures 


Figure  5.4.  Soil  solution  pH  of  field-amended  Silver  Bow  Creek  waste  Type  3 (Site  21) 
for  different  liming  amendments  one  day  after  treatment. 
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Figure  5.5.  Changes  in  soil  solution  pH  through  time  for  field-amended  Silver  Bow  Creek 
waste  type  1 (site  33)  for  different  liming  amendments. 
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Site  21,  Wet  Amendments 


Figure  5.6.  Changes  in  soil  solution  pH  for  field-amended  Silver  Bow  Creek  waste  type 
3 (site  21)  for  different  liming  amendments. 
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pH  response  to  added  water 
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Figure  5.7.  Influence  of  added  soil  water  on  soil  solution  pH  for  Silver  Bow  Creek  waste 
Type  1 (Site  33)  for  different  liming  amendments. 


pH  response  to  added  water 


Figure  5.8.  Influence  of  added  soil  water  on  soil  solution  pH  for  Silver  Bow  Creek  waste 
Type  3 (Site  21)  for  different  liming  amendments. 
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Microplot  Data 


Figure  5.9.  Influence  of  added  water  on  levels  of  Cu  and  Zn  in  solution  for  waste 
amended  with  40%  Ca(OH);>/60 % CaC03  mixtures  for  Silver  Bow  Creek  waste  Type 
3 (Site  21)  and  waste  Type  1 (Site  33)  samples. 


5.4  STUDY  CONCLUSIONS 

Results  of  the  microplot  study 
suggest  that  with  the  exception  of  CaO 
(pH  = 9.0),  soil  pH  conditions  should  be 
suitable  for  seeding  within  one  month  of 
application.  Application  of  pure  Ca(OH)2 
or  lime  mixtures  can  increase  pH  of  the 
amended  layer  to  7.0  or  above.  The 
process  of  mechanical  mixing  of  dry 
amendments  followed  by  addition  of  water 
(termed  "mellowing")  appears  to  result  in 
homogenous  mixing  and  pH  control.  Use 
of  CaC03  may  not  elevate  pH  to  a high 


enough  level  to  adequately  control  metal 
solubility  on  highly  acid  tailings  materials. 
Use  of  pure  Ca(OH)2  or  CaO  may  result 
in  higher  levels  of  soluble  As  and  Cu  than 
that  found  for  lime  mixtures. 

Addition  of  water  to  "mellow" 
added  lime  amendments  is  important  in 
that  for  some  liming  materials  (Ca(OH)2 
and  CaO)  adequate  pH  and  metal 
solubility  control  may  only  be  achieved  by 
adding  water  to  field  soils.  Addition  of 
water  improves  the  degree  of  mixing  of 
amendments  with  acid  soil  and  tailings. 
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SECTION  6.0 


6.0  STARS  FIELD  TREATMENTS 


6.1  AMENDMENTS  SELECTED 

The  chemical  amendments  added 
to  STARS  field  plots  were  based  on  results 
of  both  Phase  I column  study  results 
(Reclamation  Research  Unit  and  Schafer 
and  Assiciates  1989),  and  on  microplot 
studies  (Section  5).  Amendment  rates 
were  based  on  a theoretical  analysis  of 
reactions  of  chemical  amendments  with 
waste  materials  and  on  field  plot  chemical 
analysis.  No  attempt  was  made  in  this 
investigation  to  identify  differences  in 
lime’s  effectiveness  at  differing  rates.  Only 
maximum  estimates  for  required  lime  rates 
were  used  to  determine  field  application. 
As  a result,  cost  estimates  for  these 
methods  are  upper  estimates.  The 

rationale  used  to  select  amendments  and 
to  determine  field  plot  amendment  rates 
is  discussed  in  this  section.  Plot 

construction  guidelines  were  prepared  to 
guide  field  plot  installation. 

The  combination  of  amendments 


that  best  neutralized  tailings  acidity  and 
was  most  effective  in  reducing  soluble 
metal  content  in  the  laboratory  column 
leachates,  and  supported  superior  plant 
performance  in  the  greenhouse  tests 
(Reclamation  Research  Unit  and  Schafer 
and  Associates  1989)  were  selected  for 
field  use.  The  candidate  soil  amendments 
selected  from  Phase  I are  listed  below 
(Table  6.1).  As  discussed  in  Section  3.0, 
the  buried  soil  site  was  ommitted  from  the 
Phase  II  STARS  study,  so  five  field  sites 
were  employed. 

Lime  rates  were  calculated  so  that 
the  reaction  of  field  plots  was  brought  to 
pH  7.0  or  above  and  that  enough  lime 
remained  in  the  soil  to  neutralize  acidity 
formed  by  future  reaction  of  acid-forming 
minerals  in  the  mine  waste.  Lime  rates 
for  each  individual  plot  were  based  on  the 
soil  acidity  and  sulfur  chemistry  measured 
in  samples  taken  from  that  plot. 
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Table  6.1.  Soil  amendment  treatments  used  in  the  STARS  Phase  II  field  sites. 


SITE 

WASTE  TYPE 

SOIL  AMENDMENTS  * ** 

EXTRA  PLOTS 

2 

Manganese 

Type  T (In- 

Lime  + phos.gyp.  + 

Ca(OH)2 

stockpile 

place  tailings) 

ferric  sulfate 

7 

Rocker 

Type  2 

Lime 

none 

site 

tailings 

21 

Ramsay 

Type  3 

Lime  + phos.  gyp. 

none 

Flats 

tailings 

ferric  sulfate 

27 

Agricultural 

Type  F (Flood- 

Lime  + ferric  sulfate 

Lime+ 

site 

affected  land) 

TSP 

33 

Opportunity 

Type  1 

Lime  + phos.  gyp. 

none 

site 

tailings 

* - "Lime"  refers  to  a family  of  acid-neutralizing  chemical  amendments  including  CaC03, 
Ca(OH)2,  and  CaO  used  individually  or  in  combination. 

**  - The  soil  amendment  treatment  applied  to  the  "extra"  plots  were  incorporated  using 
agricultural  tillage  methods.  Phos.gyp.  (phosphogypsum)  is  a by  product  of  fertilizer 
production.  TSP  is  fertilizer  triple  superphosphate  (0-45-0). 


6.2  TOTAL  LIME  RATE 

The  total  lime  rate  used  for  the 
STARS  field  plots  was  calculated  so  that 
all  potential  forms  of  acidity  in  tailings 
would  be  neutralized.  Sources  of  acid  in 
the  Silver  Bow  Creek  wastes  include  1) 
active  acidity  measured  by  the  SMP-buffer 
test  (see  the  Labroratory  Analytical 
Protocol  document  (Reclamation  Research 
Unit  and  Schafer  and  Associates  1987a) 
for  details),  2)  acid  production  from 
oxidation  of  sulfide  minerals  (i.e.  pyrite) 
measured  by  the  nitric  acid  extractable 
sulfur,  and  3)  acid  production  from 
dissolution  and  hydrolysis  of  certain  sulfate 


minerals  (i.e.  jarosite)  measured  by  the 
HC1  extractable  sulfur.  Mechanisms  of 
acid  production  present  in  mine  wastes 
typical  of  the  Silver  Bow  Creek 
streambank  tailings,  and  the  derivation  of 
the  lime  requirement  equation  are 
presented  in  Appendix  D.  It  should  be 
noted  that  the  total  lime  rate  developed 
for  the  STARS  project  is  a maximum  rate 
and  will  most  likely  exceed  the  actual 
lime  required  due  to  the  slow  kinetics  of 
many  reactions  which  are  responsible  for 
acid  formation  and  the  incomplete 
reaction  of  pyrite  and  other  acid-forming 
constituents. 
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TLR(t  CaCO^lOOOt)  = [(31.25  * (HNQ3-S  + Resid-S)  + (23.44  * HC1-S)  + SMP)]  * SF 


where:  TLR 

HNO3-S 

Resid-S 

HC1-S 

SMP 

SF 


= Total  Lime  Rate  (tons  CaCCVlOOO  tons) 

= Nitric  Acid  extractable  S fraction  (%  S) 

= Residual  S after  HN03  extraction  (%  S) 

= HC1  extractable  S fraction  (%  S) 

= SMP  buffer  lime  rate  (tons  CaCCVlOOO  tons) 
= Safety  Factor  (set  at  25%) 


This  equation  was  developed  for 
calculating  lime  rates  in  tons  of  CaC03 
per  thousand  tons  of  soil.  This 
approximates  an  soil  volume  corresponding 
to  an  acre  of  contaminated  material  to  a 
depth  of  six  inches  assuming  a bulk  density 
of  1.47  g/cm3. 

Individual  lime  rates  were 
calculated  for  each  plot  in  the  STARS 
investigation  by  adjusting  for  varying  plot 
sizes  and  depths  of  incorporation.  Sulfur 
chemistry  data  used  for  the  calculations 
are  found  in  Appendix  Table  C-7  through 
C-12.  Depth  of  incorporation  was 
assumed  to  be  8 inches  for  the  agricultural 
and  cover-soil  treatments,  and  48  inches 
for  both  the  deep  plow  and  the  lime-sluury 
injection  treatments.  Samples  were 
collected  from  each  plot  corresponding  to 
the  planned  depth  of  incorporation  with 
the  exception  of  the  the  deep  plow  plots. 
At  the  time  of  sampling,  a plow  capable 
of  amending  soil  to  48  inches  was  not 
available.  Lime  rates  for  the  deep  plow 
plots  were  based  in  part  on  average  sulfur 
levels  in  the  lime-slurry  plots.  Lime  rates 
are  shown  in  Tables  6.2  through  6.6. 

All  lime  treatments  were  replicated 
four  times  at  each  study  site.  The  defined 


lime  treatment  was  the  quantity  of  lime 
required  to  neutralize  the  forms  of  acidity 
measured  in  each  plot.  As  a consequence 
specific  lime  rates  vary  across  the 
replicated  plots. 

The  relative  percentages  of  CaC03 
and  Ca(OH)2  added  were  adjusted  so  that 
immediate  pH  control  is  achieved  but  also 
so  that  pH  levels  do  not  remain  above  9.0 
for  long  periods  of  time  (more  than  1 
month).  Column  study  and  microplot 
results  suggest  that,  in  general,  Ca(OH)2 
should  be  used  to  satisfy  the  "SMP-buffer" 
portion  of  the  total  lime  requirement  but 
should  also  be  within  20  to  40  percent  of 
the  total  lime  requirement.  Hence,  the 
total  lime  rate  was  divided  into  Ca(OH)2 
and  CaC03  fractions  using  the  following 
protocol: 

• The  Ca(OH)2  amendment  rate 
should  satisfy  the  portion  of  the 
total  lime  rate  contributed  by  the 
active  acidity  (SMP  buffer  lime  rate 
* SF)  but  should  always  be  in  the 
range  of  20  to  40  percent  of  the 
total  lime  requirement 

• The  Ca(OH)2  and  CaC03  rates 
should  be  adjusted  for  their  purity 
and  neutralizing  effectiveness 
compared  to  pure  CaC03. 
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The  coefficient  to  correct  for  purity 
and  effectiveness  of  Ca(OH)2  was 
1.31  while  the  purity  coefficient  for 
CaC03  was  0.97. 


6.3  SECONDARY  AMENDMENT 
AND  FERTILIZER  RATES 

The  rates  for  the  secondary 
amendments  were  based  on  levels  used  in 
the  Phase  I column  study.  Secondary 
amendments  were  added  to  waste 
materials  not  to  neutralize  acidity  but  to 
further  reduce  metal  mobility  through 
chemical  precipitation  of  insoluble 
compounds  or  though  adsorption.  Ferric 
sulfate  was  added  (to  reduce  soluble 
arsenic  levels)  to  treated  plots  at  site  2, 
21,  and  27  at  a rate  equivalent  to  2 tons 
per  acre  as  ferric  sulfate  (as  received). 
The  phospho-gypsum  rates  were  based 


partly  on  soil  texture  with  rates  equivalent 
to  8 tons/acre  used  for  sites  2 and  21 
while  5 tons/acre  were  used  on  the 
coarser-textured  soils  at  site  33.  The 
weight  of  added  phosphogypsum  was 
adjusted  for  the  moisture  content  (26  %) 
of  the  bulk  amendment  as  received 
(Tables  6.2  through  6.6). 

Fertilizer  rates  were  based  on 
interpretation  of  the  available  plant 
nutrient  levels  in  each  of  the  STARS  field 
plots.  Factors  influencing  the  fertilizer 
rates  (Table  6.7)  included  soil  test  levels, 
species  grown,  climate,  and  weed 
competition.  Samples  for  nutrient  analysis 
were  composited  across  each  replication 
so  individual  fertilizer  rates  could  be 
developed  for  each  block.  However, 
nutrient  test  results  were  similar  enough 
so  that  uniform  fertilizer  rates  could  be 
developed  for  each  individual  site. 
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Table  6.2  Soil  amendment  rates  for  STARS  the  phase  2 field  plots  for  Site  2. 


SILVER  BOW  CREEK  / STARS 
SOIL  AMENDMENT  RATES  BY  PLOT 


PLOT 

SAMPLE 

TREAT. 

CaC03 

Ca(0H)2 

PHOS. 

FERRIC 

NITROGEN 

P205 

K2Q 

BORON 

NUMBER 

NUMBER 

CODE 

PER  PLOT 

PER  PLOT 

GYPSUM 

SULFATE  1 

PER  PLOT  1 

PER  PLOT 

PER  PLOT  1 

PER  PLOT 

(pounds) 

(pounds) 

PER  PLOT 

PER  PLOT 

(pounds) 

(pounds) 

(pounds) 

(pounds) 

(pounds) 

(pounds) 

**  SITE  NUMBER  2 


1 

2-1 

T 

1391 

312 

220.3 

55.1 

0.41 

0.69 

1.03 

0.020 

2 

2-2 

A 

560 

277 

117.5 

29.4 

0.22 

0.37 

0.55 

0.010 

3 

2-3 

I 

2426 

869 

117.5 

29.4 

0.22 

0.37 

0.55 

0.010 

4 

2-4 

C 

0 

0 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

5 

2-5 

X 

0 

508 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

6 

2-6 

D 

8637 

1815 

470.0 

117.5 

0.22 

0.37 

0.55 

0.010 

7 

2-7 

T 

963 

197 

220.3 

55.1 

0.41 

0.69 

1.03 

0.020 

8 

2-8 

A 

805 

399 

117.5 

29.4 

0.22 

0.37 

0.55 

0.010 

9 

2-9 

X 

0 

2417 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

10 

2-10 

D 

13407 

2578 

470.5 

117.5 

0.22 

0.37 

0.55 

0.010 

11 

2-11 

I 

4278 

1560 

117.5 

29.4 

0.22 

0.37 

0.55 

0.010 

12 

2-12 

C 

0 

0 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

13 

2-13 

I 

3719 

1321 

117.5 

29.4 

0.22 

0.37 

0.55 

0.010 

14 

2-14 

A 

205 

38 

117.5 

29.4 

0.22 

0.37 

0.55 

0.010 

15 

2-15 

C 

0 

0 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

16 

2-16 

D 

12102 

2427 

470.0 

117.6 

0.22 

0.37 

0.55 

0.010 

17 

2-17 

X 

0 

558 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

18 

2-18 

T 

476 

140 

220.3 

55.1 

0.41 

0.69 

1.03 

0.020 

19 

2-19 

T 

560 

277 

220.3 

55.1 

0.41 

0.69 

1.03 

0.020 

20 

2-20 

C 

0 

0 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

21 

2-21 

X 

0 

976 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

22 

2-22 

A 

260 

129 

165.0 

29.4 

0.22 

0.37 

0.55 

0.010 

23 

2-23 

I 

2662 

986 

117.5 

29.4 

0.22 

0.37 

0.55 

0.010 

24 

2-24 

D 

12390 

2519 

470.0 

117.6 

0.22 

0.37 

0.55 

0.010 

TREATMENT  CODES:  C = CONTROL 

D = DEEP  TILLAGE 


A = AGRICULTURAL  INCORPORATION 
I = LIME  SLURRY  INJECTION  (LSPI) 


T = TOPSOILED  PLOTS 
X = EXTRA  PLOTS  (Various  treatments) 


NOTE:  All  surface  lime  amendments  are  calculated  for  the  0 to  8 inch 


layer . 
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Table  6.  3 Soil  amendment  rates  for  STARS  the  phase  2 field  plots  for  Site  7. 


SILVER  BOU  CREEK  / STARS 
SOIL  AMENDMENT  RATES  BY  PLOT 


PLOT 

NUMBER 

SAMPLE 

NUMBER 

TREAT. 

CODE 

CaC03 
PER  PLOT 
(pounds) 

Ca(0H)2 
PER  PLOT 
(pounds) 

PHOS. 
GYPSUM 
PER  PLOT 
(pounds) 

FERRIC 
SULFATE 
PER  PLOT 
(pounds) 

NITROGEN 
PER  PLOT 
(pounds) 

P205 

PER  PLOT 
(pounds) 

K20 

PER  PLOT 
(pounds) 

BORON 
PER  PLOT 
(pounds) 

**  SITE  NUMBER 

7 

1 

7-1 

A 

298 

148 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

2 

7-2 

C 

0 

0 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

3 

7-3 

D 

784 

372 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

4 

7-4 

X 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

5 

7-5 

I 

1690 

844 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

6 

7-6 

T 

396 

196 

0.0 

0.0 

0.41 

0.69 

1.03 

0.020 

7 

7-7 

X 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

8 

7-8 

I 

2043 

1015 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

9 

7-9 

D 

955 

457 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

10 

7-10 

A 

204 

101 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

11 

7-11 

C 

0 

0 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

12 

7-12 

T 

135 

67 

0.0 

0.0 

0.41 

0.69 

1.03 

0.020 

13 

7-13 

T 

183 

91 

0.0 

0.0 

0.41 

0.69 

1.03 

0.020 

14 

7-14 

D 

564 

263 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

15 

7-15 

X 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

16 

7-16 

A 

14 

4 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

17 

7-17 

C 

0 

0 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

18 

7-18 

I 

1148 

559 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

19 

7-19 

T 

520 

258 

0.0 

0.0 

0.41 

0.69 

1.03 

0.020 

20 

7-20 

D 

759 

359 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

21 

7-21 

C 

14 

3 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

22 

7-22 

I 

1016 

493 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

23 

7-23 

A 

14 

3 

0.0 

0.0 

0.22 

0.37 

0.55 

0.010 

24 

7-24 

X 

48 

9 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

TREATMENT  CODES:  C = CONTROL 

D * DEEP  TILLAGE 


A = AGRICULTURAL  INCORPORATION 
I = LIME  SLURRY  INJECTION  (LSPI) 


T = TOPSOILED  PLOTS 
X = EXTRA  PLOTS  (Various  treatments) 


NOTE:  All  surface  lime  amendments  are  calculated  for  the  0 to  8 inch  layer. 


Table  6.4  Soil  amendment  rates  for  STARS  the  phase  2 field  plots  for  Site  21. 


SILVER  BOW  CREEK  / STARS 
SOIL  AMENDMENT  RATES  BY  PLOT 


PLOT 

NUMBER 

SAMPLE 

NUMBER 

TREAT. 

CODE 

CaC03 
PER  PLOT 
(pounds) 

Ca(OH)2 
PER  PLOT 
(pounds) 

PHOS. 
GYPSUM 
PER  PLOT 
(pounds) 

FERRIC 
SULFATE 
PER  PLOT 
(pounds) 

NITROGEN 
PER  PLOT 
(pounds) 

P205 

PER  PLOT 
(pounds) 

K20 

PER  PLOT 
(pounds) 

BORON 
PER  PLOT 
(pounds) 

**  SITE  NUMBER  21 

1 

21-1 

T 

947 

469 

220.3 

55.1 

0.41 

0.69 

1 .03 

0.020 

2 

21-2 

D 

629 

312 

470.0 

117.6 

0.00 

0.37 

0.55 

0.010 

3 

21-3 

X 

509 

252 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

4 

21-4 

I 

1396 

654 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

5 

21-5 

A 

531 

263 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

6 

21-6 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.55 

0.010 

7 

21-7 

D 

1331 

660 

470.0 

117.6 

0.00 

0.37 

0.55 

0.010 

8 

21-8 

X 

545 

270 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

9 

21-9 

A 

644 

319 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

10 

21-10 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.55 

0.010 

11 

21-11 

I 

1490 

700 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

12 

21-12 

T 

1029 

510 

220.3 

55.1 

0.41 

0.69 

1 .03 

0.020 

13 

21-13 

T 

1018 

504 

220.3 

55.1 

0.41 

0.69 

1.03 

0.020 

14 

21-14 

I 

1722 

808 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

15 

21-15 

A 

573 

284 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

16 

21-16 

X 

581 

288 

117.5 

29.4 

0.00 

0.37 

0.55 

0.010 

17 

21-17 

D 

957 

474 

470.0 

117.6 

0.00 

0.37 

0.55 

0.010 

18 

21-18 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.55 

0.010 

19 

21-19 

T 

1088 

539 

220.3 

55.1 

0.41 

0.69 

1.03 

0.020 

20 

21-20 

C 

0 

0 

0.0 

0.0 

0.11 

0.37 

0.55 

0.010 

21 

21-21 

D 

1166 

578 

470.0 

117.6 

0.11 

0.37 

0.55 

0.010 

22 

21-22 

X 

638 

316 

117.5 

29.4 

0.11 

0.37 

0.55 

0.010 

23 

21-23 

A 

592 

294 

117.5 

29.4 

0.11 

0.37 

0.55 

0.010 

24 

21-24 

I 

1532 

710 

117.5 

29.4 

0.11 

0.37 

0.55 

0.010 

TREATMENT  CODES:  C = CONTROL 

D = DEEP  TILLAGE 


A = AGRICULTURAL  INCORPORATION 
I = LIME  SLURRY  INJECTION  (LSPI) 


T = TOPSOILED  PLOTS 
X = EXTRA  PLOTS  (Various  treatments) 


NOTE:  All  surface  lime  amendments  are  calculated  for  the  0 to  8 inch  layer. 
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Table  6.5  Soil  amendment  rates  for  STARS  the  phase  2 field  plots  for  Site  27. 


SILVER  BOW  CREEK  / STARS 
SOIL  AMENDMENT  RATES  BY  PLOT 


PLOT 

NUMBER 

SAMPLE 

NUMBER 

TREAT. 

CODE 

CaC03 
PER  PLOT 
(pounds) 

Ca(OH)2 
PER  PLOT 
(pounds) 

PHOS. 
GYPSUM 
PER  PLOT 
(pounds) 

FERRIC 
SULFATE 
PER  PLOT 
(pounds) 

NITROGEN 
PER  PLOT 
(pounds) 

P205 

PER  PLOT 
(pounds) 

K20 

PER  PLOT 
(pounds) 

BORON 
PER  PLOT 
(pounds) 

**  SITE  NUMBER 

27 

1 

27-1 

X 

316 

156 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

2 

27-2 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.00 

0.000 

3 

27-3 

I 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

4 

27-4 

A 

336 

166 

0.0 

29.4 

0.00 

0.37 

0.00 

0.000 

5 

27-5 

D 

161 

80 

0.0 

29.4 

0.00 

0.37 

0.00 

0.000 

6 

27-6 

T 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

7 

27-7 

A 

321 

159 

0.0 

29.4 

0.00 

0.37 

0.00 

0.000 

8 

27-8 

I 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

9 

27-9 

X 

301 

149 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

10 

27-10 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.00 

0.000 

11 

27-11 

D 

342 

168 

0.0 

29.4 

0.00 

0.37 

0.00 

0.000 

12 

27-12 

T 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

13 

27-13 

X 

332 

164 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

14 

27-14 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.00 

0.000 

15 

27-15 

I 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

16 

27-16 

D 

271 

136 

0.0 

29.4 

0.00 

0.37 

0.00 

0.000 

17 

27-17 

A 

264 

131 

0.0 

29.4 

0.00 

0.37 

0.00 

0.000 

18 

27-18 

T 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

19 

27-19 

A 

322 

160 

0.0 

29.4 

0.00 

0.37 

0.00 

0.000 

20 

27-20 

X 

300 

148 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

21 

27-21 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.00 

0.000 

22 

27-22 

D 

263 

130 

0.0 

29.4 

0.00 

0.37 

0.00 

0.000 

23 

27-23 

I 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

24 

27-24 

T 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

TREATMENT  CODES:  C = CONTROL 

D = DEEP  TILLAGE 


A = AGRICULTURAL  INCORPORATION 
I = LIME  SLURRY  INJECTION  (LSPI) 


T = TOPSOILED  PLOTS 
X = EXTRA  PLOTS  (Various  treatments) 


NOTE:  All  surface  lime  amendments  are  calculated  for 


the  0 to  8 inch  layer. 
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Table  6.6  Soil  amendment  rates  for  STARS  the  phase  2 field  plots  for  Site  33. 


SILVER  BOW  CREEK  / STARS 
SOIL  AMENDMENT  RATES  BY  PLOT 


PLOT  SAMPLE 
NUMBER  NUMBER 

TREAT.  CaC03 
CODE  PER  PLOT 
(pounds) 

Ca(0H)2  PHOS. 

PER  PLOT  GYPSUM 
(pounds)  PER  PLOT 
(pounds) 

FERRIC  NITROGEN  P205  K20  BORON 

SULFATE  PER  PLOT  PER  PLOT  PER  PLOT  PER  PLOT 
PER  PLOT  (pounds)  (pounds)  (pounds)  (pounds) 
(pounds) 

**  SITE  NUMBER  33 

1 

33-1 

I 

1590 

734 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

2 

33-2 

D 

1336 

662 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

3 

33-3 

X 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

4 

33-4 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.55 

0.010 

5 

33-5 

A 

427 

212 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

6 

33-6 

T 

745 

369 

137.7 

0.0 

0.41 

0.69 

1.03 

0.020 

7 

33-7 

A 

519 

257 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

8 

33-8 

D 

603 

361 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

9 

33-9 

T 

936 

464 

137.7 

0.0 

0.41 

0.69 

1.03 

0.020 

10 

33-10 

I 

817 

385 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

11 

33-11 

X 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

12 

33-12 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.55 

0.010 

13 

33-13 

I 

1293 

603 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

14 

33-14 

T 

561 

278 

137.7 

0.0 

0.41 

0.69 

1.03 

0.020 

15 

33-15 

X 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

16 

33-16 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.55 

0.010 

17 

33-17 

D 

869 

681 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

18 

33-18 

A 

723 

358 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

19 

33-19 

T 

1037 

514 

137.7 

0.0 

0.41 

0.69 

1.03 

0.020 

20 

33-20 

C 

0 

0 

0.0 

0.0 

0.00 

0.37 

0.55 

0.010 

21 

33-21 

A 

630 

312 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

22 

33-22 

I 

1198 

568 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

23 

33-23 

D 

1075 

534 

73.4 

0.0 

0.00 

0.37 

0.55 

0.010 

24 

33-24 

X 

0 

0 

0.0 

0.0 

0.00 

0.00 

0.00 

0.000 

TREATMENT  CODES:  C = CONTROL 

D = DEEP  TILLAGE 


A = AGRICULTURAL  INCORPORATION 
I = LIME  SLURRY  INJECTION  (LSPI) 


T = TOPSOILED  PLOTS 
X = EXTRA  PLOTS  (Various  treatments) 


NOTE:  All  surface  lime  amendments  are  calculated  for  the  0 to  8 inch  layer. 


Table  6.7.  Fertilizer  recommendations  for  the  STARS  field  plots. 


SITE 

WASTE  TYPE 

Fertilizer  Amendment  Rate  flb/a") 

N 

p2o5 

k2o 

B 

2 

Manganese 

stockpile 

Type  T (In- 
place  tailings) 

50 

50 

75 

1.5 

7 

Rocker 

site 

Type  2 
tailings 

50 

50 

75 

1.5 

21 

Ramsay 

Flats 

Type  3 tailings 
Blocks  1-3 

30 

50 

75 

1.5 

21 

Ramsay 

Flats 

Type  3 tailings 
Block  4 

50 

50 

75 

1.5 

27 

Agricultural 

site 

Type  F (Flood- 
affected  land) 

30 

50 

0 

1.5 

33 

Opportunity 

site 

Type  1 
tailings 

30 

50 

75 

1.5 

all 

Topsoil  plots 

50 

50 

0 

1.5 

A least-cost  blend  of  fertilizer 
materials  was  formulated  for  each  of  the 
sites  composed  of  ammonium  nitrate  (34- 
0-0),  di-ammonium  phosphate  (18-46-0), 
and  potassium  chloride  (0-0-60).  Fertilizer 
boron  was  added  to  mixed  fertilizer  for 
each  plot  as  borax  (0-0-0- 13B). 

Nitrogen  rates  were  adjusted  to 
compensate  for  the  introduction  of  mulch 
to  the  seeded  field  plots.  Boron  additions 
reflect  the  leaching  of  available  B from 
these  acid  materials.  Phosphorus 
deficiencies  may  result  from  insoluble 
phosphorus  metal  complex  formation  in  an 
acid  environment.  The  amendments  will 


probably  increase  pH  and  reduce  soluble 
metal  levels  in  these  materials.  If  soluble 
metal  levels  remain  high,  phosphorus 
deficiencies  may  occur  in  the  pilot-scale 
treatability  study. 

6.4  PLOT  CONSTRUCTION 
GUIDE 

Amendments  were  added  in  a 
sequence  that  would  maximize  their 
effectiveness.  In  general,  lime  was  added 
to  plots  first  to  achieve  pH  control,  then 
secondary  amendments  followed.  The 
primary  incorporation  step  (i.e.  deep 
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tillage,  etc.)  followed  the  addition  of  both 
lime  and  secondary  amendments. 
Fertilizer  materials  were  added  last  and 
were  incorporated  into  the  0 to  8 inch 
root  zone. 

Tillage  of  plots  was  repeated, 
several  times  if  necessary,  to  provide 
adequate  mixing  of  lime  with  waste  in  the 
zone  of  incorporation.  The  degree  of 
mixing  was  judged  qualitatively  by  use  of 
indicator  dyes  and  through  direct  pH 
measurement. 


"Mellowing"  of  lime  plots  or  the 
addition  of  water  continued  until  runoff 
occured  or  until  adequate  mixing  and  pH 
control  was  achieved. 

A plot  construction  guide  was 
assembled  so  that  each  of  the  steps 
involved  in  the  STARS  field  plot 
treatments  were  completed  in  sequence 
(Table  6.8).  A detailed  list  of  the  actual 
plot  construction  sequence  for  each  set  of 
field  treatments  is  provided  in  section  7.0, 
and  in  Appendix  F. 
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spread  the  phospho-gypsum  and  ferric  sulfate  if  available;  if  not  they  will  be  decon  equipment,  lime 

sread  later.  Immediately  after  spreading  lime  (and  other  amenments)  evenly  on  alL  applicator  (Goering). 

plots  till  the  amendments  into  the  plots.  Recommended  tillage  sequence  is  chisel  plow 
twice  to  8 inches  and  then  roto-till  as  deeply  as  possible.  This  should  provide 
incorporation  to  6 inches. 
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LSPI  (I  plots)  and  deep  tilLage  (D  plots)  will  be  mellowed  as  in  task  7.  If  possible,  Water  truck  (Blankenship), 

more  water  will  be  added  than  for  the  other  plots  so  that  a greater  depth  of  hydration  decon  equip.,  pH  meters, 

is  accomplished.  Try  to  add  at  least  3 inches  of  water  to  these  plots.  indicator  dye  kit 
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SECTION  7.0 


7.0  FIELD  PLOT  CONSTRUCTION 


7.1  APPROACH 

The  purpose  of  field  plot 
construction  was  to  test  the  effectiveness 
of  various  amendment  incorporation 
techniques  and  to  field  test  and  corroborate 
the  results  of  the  Phase  I laboratory  study. 
At  each  of  the  five  field  locations,  four 
treatment  blocks,  each  consisting  of  six 
treatment  plots,  were  constructed  in  areas 
with  physical  and  chemical  properties 
similar  to  those  of  the  bulk  samples 
representative  of  each  site.  Treatments 
tested  were  standard  agricultural 
incorporation,  deep  plowing,  lime  slurry 
injection  and  coversoil  wedge  construction. 
Amendment  application  procedures 

followed  the  guidelines  set  forth  in  Section 

6.0. 

7.2  METHODS  OF 
INCORPORATION 

Several  chemical  amendments  were 
found  to  neutralize  acidity  and  reduce 
metal  mobility  in  mine  waste  tested  in  the 
Phase  I column  studies.  Plant  performance 
in  the  Phase  I greenhouse  study  was 
acceptable  where  amendments  were  well- 


mixed  with  mine  waste,  but  the  ability  of 
plant  roots  to  penetrate  unamended  waste 
and  extract  water  was  variable 
(Reclamation  Research  Unit  and  Schafer 
and  Associates  1989).  As  a result,  the 
effectiveness  of  selected  chemical 
amendments  and  plant  species  in 
remediating  acid  mine  waste  in  the  field 
was  expected  to  be  highly  dependent  on 
the  depth  of  amendment  incorporation 
and  the  degree  of  mixing  achieved. 
Several  methods  of  amendment 
incorporation  were  reviewed  as  part  of  the 
Phase  I STARS  investigation.  The 
purpose  of  the  review  was  to  select  a 
cross-section  of  amendment  incorporation 
methods  varying  in  cost  and  effectiveness 
that  could  be  field-tested  as  part  of  the 
Phase  II  treatability  studies.  Only  in-situ 
incorporation  methods  were  considered  so 
that  remedial  treatments  identified  would 
remain  cost-effective.  The  incorporation 
methods  reviewed  were  evaluated  based 
on  several  key  characteristics  including 
depth  of  incorporation,  degree  of  mixing, 
maximum  amendment  rate,  and  relative 
cost.  Finally,  incorporation  methods  were 
only  considered  where  commercial 
equipment  was  readily  available  (Table 
7.1). 
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Table  7.1.  Methods  of  incorporation  reviewed  for  use  in  the  STARS  Phase  II  field-scale 
treatability  studies. 


Incorporation 

Depth  Degree  of 

Maximum  Relative 

Commercial 

Method 

(in.)  Mixing 

Amendment  Cost  2 
Rate  1 

Availability 

Topdress 

< 1 

Good 

High 

Low 

Yes 

Agricultural  Methods 

Harrow 

2-4 

Poor 

Low 

Low 

Yes 

Moldboard 

8 

Moderate  3 

Moderate 

Low 

Yes 

Chisel 

10 

Moderate  3 

Moderate 

Low 

Yes 

Rototiller 

6 

Good 

Moderate 

Moderate 

Yes 

Deep  Tillage 

Ripper  (D-8) 

48 

Very  Poor 

High 

Moderate 

Yes 

Ripper  with 

Lime  Injector 

48 

Poor 

Low 

Moderate 

No 

Bo-mag  MPH100 

24 

Good 

High 

Moderate 

Yes 

Roto-Clear 

16 

Good 

Moderate 

Moderate 

Yes 

Alberta  Plow 

48 

Mod./Good4 

High 

Moderate 

Yes 

Deep  Plow  with 

Lime  Injector 

48 

Good 

Mod./High 

Moderate 

No 

Lime  Slurry 

480 

Poor  to 

Moderate 

High 

Yes 

Injection 

Good  5 

to  High 

Continuous 

Excavator/ 

Rotary  Mixer  Unlimited 

Good 

High 

Very  High 

No 

1.  Maximum  lime  rates  are  (Low  = <20  tons/acre),  (Moderate  = 20  to  50  tons/acre),  and 

(High  = >50  tons/acre). 

2.  Typical  incorporation  costs  are  (Low  = <$50/acre),  (Moderate  = $50  to  $250/acre), 

and  (High  = >$250/acre) 

3.  Multiple  passes  with  a moldboard  and/or  chisel  plow  may  achieve  mixing  equivalent  to 

rototilling. 

4.  Degree  of  mixing  depends  on  plow  design,  speed  and  material  characteristics. 

5.  Degree  of  mixing  depends  on  nature  of  material. 
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Topdressing  was  ruled  out  due  to 
the  very  shallow  depth  of  incorporation. 
Although  topdressing  may  be  appropriate 
for  soluble  chemical  amendments,  the  time 
required  to  solubilize  enough  CaC03  for 
this  technique  to  be  effective  would  be 
prohibitive. 

Several  agricultural  methods  of 
incorporation  were  evaluated.  The  use  of 
a harrow  was  avoided  because  of  its 
shallow  depth  of  incorporation,  poor 
degree  of  mixing  and  low  amendment  rate 
capacity.  Moldboard  plowing,  chisel 
plowing  and  rototilling  were  thought  to 
have  the  potential  to  handle  and  ade- 
quately mix  moderate  amendment  rates 
to  a shallow  depth  (6  to  10  inches)  hence 
all  were  considered  to  be  cost-effective 
amendment  incorporation  methods. 

Various  agricultural  tillage  tools 
vary  in  their  suitability  for  differing  soil 
conditions.  Variables  such  as  soil  texture, 
moisture  content,  and  seedbed  roughness 
desired  all  affect  the  selection  of  a tillage 
tool.  The  agricultural  tillage  method 
therefore  consisted  of  an  optimal  tillage 
sequence  developed  for  each  site. 

A variety  of  deep  tillage  methods 
of  amendment  incorporation  were 
evaluated.  Bo-mag  and  Roto-Clear 
manufacture  large  rototiller-like 
implements  that,  while  providing  a good 
degree  of  mixing  and  moderate  cost- 
effectiveness,  were  deemed  unacceptable 
because  of  their  shallow  (16  to  24  inches) 
depth  of  incorporation  capabilities. 

Ripper  teeth  mounted  either  on  a 
tillage  tool-bar  frame  (subsoiler)  or  on  a 
tracked  vehicle  (i.e.  Caterpillar  D-8)  were 
rejected  because  of  their  inability  to 
adequately  mix  amendments  with  the  host 


material.  Caterpillar  D-8  ripper  teeth 
have  been  fitted  with  fluid  lime  injectors 
to  achieve  a better  degree  of  mixing. 
However,  these  adaptations  only  allow  a 
narrow  slot  of  host  material  to  be 
amended,  and  are  hampered  by  low 
amendment  rate  capacity.  In  addition, 
injector  adaptors  are  not  commercially 
available. 

Of  the  deep  tillage  techniques 
evaluated,  deep  plowing  was  determined 
to  be  best-suited  for  the  STARS  field-scale 
treatability  study  because  of  its  combined 
cost-effectiveness,  depth  of  incorporation, 
degree  of  mixing  and  its  capacity  for  high 
amendment  rates.  Several  deep  plow  units 
were  evaluated  in  the  field,  and  a single- 
bottom unit  (the  Dika  plow)  was  selected 
because  of  its  greater  tillage  depth 
capacity  and  its  tendency  to  mix  rather 
than  over-turn  the  soil  plow  layer. 

Two  additional  methods  of 
incorporation  considered  were  a 
continuous  excavator/rotary  mixer  and  lime 
slurry  injection.  Continuous  excavators  are 
large-scale  mining  machines  that  excavate 
a 8 to  12  foot  wide  swath  of  material  to 
a depth  of  3 to  5 feet  or  more  in  one 
pass.  Excavated  material  is  conveyed  onto 
a moving  conveyor.  By  linking  an 
excavator  to  a rotary  drum  mixer,  an 
effective  amendment  incorporation  tool 
could  be  developed.  Although  the 
continuous  excavator/rotary  mixer 
conceptually  satisfied  all  of  the  physical 
criteria  outlined  in  Table  7.1,  the  very  high 
cost  of  continuous  excavation/rotary  mixing 
and  lack  of  a commercial  prototype 
rendered  it  infeasible  for  a STARS 
remedial  method. 

A lime  slurry  pressure  injection 
method  (LSPI)  was  originally  developed 
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for  improving  the  strength  of  cohesive  soils 
for  roadbed  stabilization  and  foundation 
design.  The  LSPI  technique  was  thought 
to  be  a potentially  effective  deep- 
incorporation  technique  because  it  affords 
the  greatest  depth  of  incorporation  at  a 
much  smaller  cost  than  with  continuous 
excavation/rotary  mixing. 

Amendment  incorporation 
techniques  chosen  for  use  in  the  STARS 
Phase  II  Treatability  Study  included  1)  a 
low-cost  shallow  method  (agricultural 
tillage  - chisel  plow,  moldboard  plow  and 
rototiller),  2)  a moderate  cost  method 
capable  of  mixing  amendments  to  four  feet 
(deep  plow)  and  3)  a method  capable  of 
incorporating  amendments  to  20  feet  with 
varying  degrees  of  mixing  (lime  slurry 
pressure  injection).  Attributes  and 
shortcomings  of  each  method  chosen  as 
well  as  a description  of  equipment  and 
procedures  used  for  field  implementation 
are  discussed  in  detail  in  the  following 
section. 


7.3  AGRICULTURAL 
INCORPORATION 

For  all  agricultural  (0  to  6 inches) 
incorporation  and  coversoil  wedge  plots, 
a Ford  1710  4-  wheel  drive  tractor  with  a 
3-point  hitch  and  standard  agricultural 
implements  were  used  to  incorporate 
amendments.  Implements  included  a 
chisel  plow  with  points  on  12  inch  centers, 
a single-bottom  parabolic  moldboard  plow, 
and  a roto-tiller  powered  off  a power 
take-off  (PTO).  Tillage  tools  were  scaled 
to  tractor  size  so  that  the  horsepower 
rating  per  foot  of  draw-bar  would 
approximate  that  used  in  larger 
agricultural  machinery.  All  lime-treated 
plots  were  plowed  with  a chisel  plow  prior 
to  amendment  application  to  minimize 


entrainment  of  the  amendments  by  wind. 
For  a complete  chronological  description 
of  the  sequence  of  plot  construction 
events,  refer  to  Appendix  F. 

After  chemical  amendments  were 
spread  on  the  plots  they  were  incorporated 
using  a chisel  plow  and  rototiller.  It 
should  be  noted  that  rototilling  consisted 
of  two  passes  per  plot  at  90  degree  angles. 
The  plots  were  then  mellowed,  rototilled 
for  a second  time,  fertilized,  and  given  a 
final  pass  with  the  rototiller.  Where 
tailings  texture  and  bulk  density  prohibited 
the  use  of  a rototiller,  a combination  of 
a moldboard  plow  and  chisel  plow  were 
utilized  for  amendment  incorporation. 
The  rototiller  mixed  to  a maximum  depth 
of  6 inches  while  the  two  plows 
incorporated  the  amendments  to  a depth 
of  approximately  8 inches.  Mixing  was 
relatively  uniform  throughout  this  depth. 

The  use  of  a rototiller  worked  best 
for  uniform  mixing  and  amendment 
incorporation.  Where  rocks  or  very  high 
amendment  rates  (Site  2)  prohibited 
rototilling,  a moldboard  plow  was  used  to 
turn  under  the  amendments  followed  by 
several  passes  with  a chisel  plow.  The 
degree  of  mixing  achieved  with  this  tillage 
sequence  appeared  adequate  but  the 
seedbed  condition  was  inferior  to  that 
achieved  with  a rototiller.  Although  not 
tested,  moldboard  plowing  followed  by 
discing  should  also  incorporate  the 
amendments  well.  If  the  cost  of  rototilling 
is  excessive,  then  chisel  plowing  and 
discing  may  be  adequate  to  achieve 
satisfactory  mixing.  When  amendment 
rates  approach  100  tons  per  acre  it 
becomes  necessary  to  use  the  moldboard 
plow  for  initial  amendment  incorporation. 

While  tilling  during  mellowing,  it 
was  advantageous  to  use  a four-wheel 
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drive  tractor  due  to  the  wet  nature  of  the 
plowed  tailings.  A crawler-tractor  may  be 
an  asset  when  tilling  very  wet  tailings. 

Some  of  the  advantages  and 
disadvantages  of  agricultural  incorporation 
are: 

• low  cost,  equipment  widely  available 

• provides  a smooth,  packed,  uniform 
soil  surface 

• adaptable  to  a wide  variety  of  soil 
conditions  by  selecting  various 
standard  tillage  tools 

• depth  of  incorporation  limited  to  8 
inches 

• quantity  of  amendment  generally 
limited  to  50  tons  per  acre  but 
more  can  be  incorporated  using 
multiple  passes 

7.4  DEEP  PLOW 

INCORPORATION 

The  deep  plow  is  a one-bottom 
plow  that  has  the  potential  to  mix  the  soil 
to  a depth  of  4 feet  (Figure  7-1).  It  has 
a draw  bar  requirement  of  approximately 
300  horsepower  and  was  pulled  with  a 
Caterpillar  D-8-H. 

Amendments  were  applied  to  the 
deep  plow  plots  in  two  separate 
operations.  First,  an  application  of  75  % 
of  total  CaC03,  Ca(OH)2,  ferric  sulfate 
and  phosphogypsum  was  spread  on  the 
plots  and  deep  plowed  to  a depth  of  4 
feet.  Although  mixing  was  not  as 
complete  as  with  standard  agricultural 
tillage  techniques  field  observations 
indicated  that  the  design  of  the  plow 


enabled  more  mixing  than  a simple 
inversion  of  the  profile.  Deep  plowing 
was  followed  by  mellowing  and  a second 
application  of  the  remaining  25  % of  each 
amendment  rate  total,  which  was 
incorporated  into  the  plot  surface  layer 
with  a chisel  plow  followed  by  rototilling. 

There  was  a concern  that  the  deep 
plow  would  bring  alluvial  gravels  to  the 
surface.  It  was  noted  that  due  to  the 
design  of  the  plow  large  cobbles  were  not 
lifted  to  the  surface.  It  appeared  to  mix 
the  profile  leaving  heavier  materials  near 
the  bottom.  A four-wheel  drive  tractor 
was  used  to  smooth  the  plots  after  deep 
plowing  because  of  the  deep  abrupt 
furrows  created.  A crawler  tractor  may  be 
necessary  for  smoothing  and  mellowing 
deep  plowed  areas. 

Some  of  the  advantages  and 
disadvantages  of  deep  plowing  include: 

• has  the  potential  to  mix 
amendments  to  the  four  foot  depth 
for  roughly  $200/acre 

• a good  degree  of  mixing  is 
achievable  if  the  plots  are  mellowed 
after  application  of  lime 

• compacted  layers  which  might 
restrict  water  or  root  penetration 
are  loosened 

• presence  of  a continuous  layer  of 
rocks  (i.e.  alluvial  gravel  layer) 
limits  the  depth  of  tillage. 

• the  degree  of  mixing  is  variable  and 
depends  on  texture  and  water 
content.  Better  mixing  is  possible 
with  multiple  passes  of  the  plow. 
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Figure  7.1.  Deep  plow  utilized  for  the  STARS  field-scale  treatability  studies. 


• This  method  has  a substantial 
power  requirement  (300 
horsepower-hours/acre) 

• The  plow  is  subject  to  rapid  wear 
and  requires  frequent  repair 

• the  soil  surface  is  rough  after 
plowing.  Subsequent  equipment 
traffic  and  tillage  may  be  difficult. 

• topdressing  of  a portion  of  the 
amendment  rate  is  recommended 
to  achieve  adequate  surface  mixing. 

• deep  plowing  is  not  applicable  for 
poorly  drained  areas  (cannot  plow 
below  water  table) 


7.5  LIME  SLURRY  INJECTION 

Lime  slurry  pressure  injection 
(LSPI)  was  developed  as  a technique  of 
improving  soil  strength  in  the  construction 
industry.  A slurry  of  hydrated  lime  is 
injected  at  high  pressure  into  a cohesive, 
structured  earthen  mass.  The  lime  slurry 
penetrates  small  cracks,  fissures,  and  pores 
forming  a network  of  sheet-like  lime  seams 
and  layers.  A typical  lime  injector  (Figure 
7.2)  has  a series  of  four  hollow  pointed 
injection  rods  with  perforations  in  a 360° 
pattern.  The  rods  are  pushed  hydraulically 
into  the  ground  to  a predetermined 
distance  and  lime  slurry  is  injected  until 
slurry  is  rejected  at  the  soil  surface 
indicating  the  depth  increment  is 
saturated.  Lime  slurry  is  typically  batched 
on-site  in  a portable  tank  and  is  pumped 
directly  into  the  injector  rods.  Since  the 
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lime  slurry  needs  a zone  of  weakness  to 
penetrate  into  an  earthen  mass,  LSPI  is 
best-suited  for  soils  that  have  an 
abundance  of  cracks  fissures  and  pore  and 
that  also  form  a tight  annular  seal  around 
the  injection  rods  (Figure  7-3).  In  soils 
that  do  not  form  a tight  seal  around  the 
injection  rod  the  high  pressures  used  in 
LSPI  may  cause  rejection  through  the 
injection  hole.  Rocks  will  prevent  rod 
penetration  and  will  thus  limit  injection 
depth. 

Lime  slurry  injection  equipment 
included  a crawler-mounted  modified 
forklift  equipped  with  three  48  inch  long 
injection  rods  spaced  on  2.5  foot  centers. 
The  slurry  composed  of  both  CaC03  and 
Ca(OH)2  was  mixed  in  a 4000  gal.  capacity 
agitator  tank  truck.  The  mixed  slurry  was 
transferred  from  the  agitator  truck  to  the 
injection  rods  by  a trailer-mounted  high 
pressure  piston-type  pump.  The 
arrangement  allowed  good  injector 
apparatus  maneuverability. 

The  injector  was  positioned  on  the 
first  row  of  marked  2.5  foot  spacings  in 
the  plot,  and  the  injection  rods  were 
inserted  into  the  ground  to  a depth  of 
four  feet.  Slurry  was  injected  until  surface 
eruption  (rejection)  occurred,  then  the 
rods  were  raised  six  profile  inches.  Slurry 
injection  continued  in  this  manner  until 
the  tips  of  the  rods  were  one  foot  below 
the  surface  where  the  slurry  was  generally 
rejected.  The  injector  was  then  moved 
back  2.5  feet  and  the  process  continued 
until  the  entire  plot  was  injected. 

The  volume  of  slurry  injected  into 
each  plot  was  the  quantity  needed  to 
satisfy  the  lime  requirement  of  the  8 to  48 
inch  layer.  Volume  was  determined  by 


measuring  the  change  in  slurry  level  in  the 
tank.  Slurry  volumes  were  converted  to 
weight  of  lime  applied,  and  recorded  for 
each  plot. 

Following  slurry  injection,  the 
remaining  lime  required  for  the  0 to  8 
inch  layer  was  spread  on  the  surface  of 
the  plots  and  incorporated  with  a chisel 
plow  followed  by  rototilling.  Ferric  sulfate 
and  phosphogypsum  were  also  spread  and 
incorporated  at  this  time. 

The  volume  of  slurry  that  could  be 
injected  into  each  plot  was  highly 
dependent  on  tailings  permeability  and 
texture.  The  tailings  at  sites  7,  21  and  33 
easily  accepted  the  recommended  volume 
of  slurry  due  to  their  coarse  texture. 
Some  surface  refusal  occured  at  these  sites 
but  the  amount  was  generally  minimal 
compared  to  the  total  amount  injected. 
Refusal  was  greatest  at  site  7 and  least  at 
site  33.  The  amount  of  lime  slurry  surface 
refusal  at  plot  8,  site  7 was  estimated  at 
a maximum  of  300  gallons  or  less  than  0.5 
tons  for  this  plot.  Most  plots  exhibited 
surface  refusal  amounts  less  than  100 
gallons  (300  to  400  pounds  of  lime)  and 
this  material  is  not  expected  to  affect 
reclamation  efforts  when  rototilled  in  the 
0 to  8 inch  surface  soil  layer.  Injection 
volumes  at  site  2 fell  far  short  of  the 
required  amount  due  to  the  low 
permeability  of  the  massive,  fine  silty 
tailings  and  extremely  high  lime 
requirements.  Surface  refusal  prohibited 
the  injection  of  the  total  prescribed  CaC03 
and  Ca(OH)2  rates  and  some  of  the  lime 
to  be  injected  thus  ended  up  on  the 
surface.  Nonetheless,  the  remaining  0 to 
8 inch  lime  requirement  was  applied  on 
the  surface  of  the  plots. 
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Figure  7.2.  Lime  slurry  pressure  injector  (LSPI)  apparatus  used  for  the  STARS  field-scale 
treatability  studies. 


Figure  7.3.  Factors  affecting  soil  suitability  for  use  of  LSPI  treatment. 
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Some  improvement  in  minimizing 
the  amount  of  surface  refusal  could  be 
obtained  using  injection  slury  hole  plugs 
which  are  commonly  used  by  commercial 
lime  injection  companies.  These  plugs 
reduce  surface  refusal  from  previously 
injected  holes  when  injecting  additional 
holes  in  close  proximity. 

Some  characteristics  of  lime  slurry 
pressure  injection  are: 

• greatest  depth  of  incorporation  (up 
to  40  feet) 

• selective  depth  placement 

• little  surface  disturbance 

• can  inject  into  capillary  fringe  and 
groundwater 

• solidification  is  possible 

• difficulty  controlling  amendment 
rates 

• injection  rate  limited  in  "tight"  soil 
materials 

• presence  of  rocks  precludes 
treatment 

• must  topdress  surface  (0  to  6 
inches)  lime  rate 

• close  spacing  increases  liklihood  of 
refusal 

• amendment  compatibility  limits  the 
choice  of  chemical  amendments 

• cost  increases  significantly  as 
amendment  rate  increases 


7.6  COVERSOIL  TREATMENT 

In  addition  to  the  incorporation 
methods  described  above,  a cover-soil 
treatment  was  employed  in  conjunction 
with  a soil  treated  using  the  agricultural 
incorporation  method.  This  isolation- 
neutralization  technique  was  used  because 
it  was  less  costly  than  other  deep 
incorporation  methods. 

Prior  to  the  application  of  coversoil, 
all  coversoil  plots  had  amendments 
incorporated  in  accordance  with  standard 
agricultural  incorporation  methods. 
Following  incorporation,  all  plots  were 
mellowed  and  rototilled. 

After  mellowing  and  rototilling, 
coversoil  was  applied  to  the  end  of  the 
plots  with  a 6 yard  dumptruck  and  spread 
into  a wedge  shape  utilizing  the  loader 
and  rear  scraper  blade  attached  to  the 
Ford  1710  tractor.  Wedges  varied  from  0 
to  18  inches  to  test  the  effects  of  variable 
coversoil  thickness.  Following  wedge 
construction,  coversoil  plots  were  fertilized 
and  rototilled. 

7.7  CONSTRUCTION  COSTS  and 
TIME  ESTIMATES 

As  stated  previously,  this  study  was 
to  test  implementation  of  field  scale 
remediation.  The  size  of  the  plots  used 
in  this  study,  however,  did  not  permit  the 
test  of  efficiency  and  cost  that  could  be 
obtained  on  a larger  scale.  Tables  7-2 
through  7-5  have  been  formulated  to 
estimate  the  cost  for  materials,  resources 
and  labor  required  to  implement 
remediation  on  a large  scale  for  each 
treatment  method  including  agricultural 
incorporation,  deep  tillage,  lime  slurry 
injection,  and  topsoil  application.  Actual 
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remedial  costs  are  assumed  to  be  within 
the  range  of  70  percent  to  150  percent  of 
the  costs  provided  in  the  feasibility  study. 
Several  assumptions  were  made  to 
formulate  these  cost  estimates. 

• remediation  will  be  performed  on 
a large  scale  (100  - 1000  acres  or 
more),  so  that  mobilization 
expenses  are  a small  part  of  total 
expense. 

• rates  used  are  those  typical  for 
earthwork  contractors  within  the 
region. 

• material  costs  are  subject  to 
availability,  market  prices  may 
fluctuate.  Although  alternative  (by- 
product or  local)  sources  of  lime 
and  other  soil  amendments  may  be 
obtained  at  low  cost,  material  costs 
are  based  on  current  prices  of 
commercially  available  materials. 

• lime  rates  may  be  reduced  to  some 
degree  without  significantly  reducing 
treatment  effectiveness,  however, 
cost  estimates  are  based  on 
maximum  design  lime  rates. 

7.8  POST-AMENDMENT  PLOT 
pH  SAMPLING 

Representative  samples  from  each 
of  the  64  amended  field  plots  were 
collected  on  November  2 and  again  on 
November  16,  1988.  The  purpose  of  the 
sampling  was  to  measure  the  pH  of  each 
amended  plot  and  to  determine  if  pH 
values  were  suitable  for  seeding  of 
vegetation  in  the  STARS  - Phase  II 
Treatability  Study. 

Prior  to  sample  collection,  it  was 
determined  that  a pH  value  in  excess  of 
8.5  would  have  the  potential  for  causing 
damage  to  the  seed  coat  and  young 
seedlings,  thereby  greatly  reducing  the 


chance  for  successful  germination  and 
plant  establishment. 

Samples  were  collected  in  the  0 - 
2 inch  depth  from  four  locations  within 
each  plot./  These  samples  were  then 
mixed  by  rolling,  a representative  split  was 
obtained  and  a saturated  soil  paste  was 
prepared.  The  pH  of  the  paste  was 
measured  using  standard  techniques. 

Soil  pastes  for  the  samples  collected 
November  16  were  also  suction  filtered 
and  the  pH  of  the  resulting  extract  was 
measured. 

Of  the  64  plots  sampled  on 
November  2,  26  exhibited  soil  paste  pH 
values  in  excess  of  8.5.  Most  of  these 
plots  (13)  were  located  at  Site  2,  the 
Manganese  Stockpile.  The  injection  plot 
pH  values  were  generally  above  8.5  at 
sites  7,  21  and  33.  Some  deep  plow  plots 
were  also  above  pH  = 8.5  (Table  7.6).  Of 
the  64  samples  collected  on  November 
16,  33  had  soil  paste  pH  values  in  excess 
of  8.5,  but  a smaller  number  (24)  had 
solution  pH  values  above  8.5.  In  general, 
plots  having  high  pH  values  in  the  earlier 
sampling  were  lower. 

From  Table  7.6  it  is  evident  that 
plots  that  had  very  high  pH  values  (pH  > 
9.0)  in  early  November  (deep  plow, 
injection  and  extra  at  site  2 and  injection 
plots  at  sites  7 and  21)  revealed  much 
lower  levels  in  mid-November. 

Although  this  trend  of  decreasing 
PH  is  expected  to  continue  until  the 
amendment  materials  are  in  equilibrium, 
it  was  determined  that  pH  levels  were  still 
too  high  to  insure  a proper  and  safe 
environment  for  the  stratification  of  seeds 
and  the  germination  of  seedlings.  Given 
these  facts,  it  was  determined  that  seeding 
should  be  implemented  in  the  spring  of 
1989. 
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Table  7.2  Cost  estimate  for  implementation  of  the  agricultural  incorporation  treatment  *. 


Cost  Item 

Typical  Amount 

Estimated 
Unit  Cost 

Total  Cost  ($/Acre) 

Lime  (CaC03) 

40  tons/acre 

$40  /ton 

1600 

Lime  Ca(OH)2 

10  tons/acre 

$70  /ton 

700 

Phosphogypsum 

5 tons/acre 

$30  /ton 

150 

Ferric  sulfate 

2 tons/acre 

$200  /ton 

400 

Water 

50,000  gallons 

$20  /1000  gal 

1000 

Mellowing-tillage 

1.0  hr/acre 

$60  /hr 

60 

Lime  spreader 

3 hours/acre 

$80  /hr 

240 

Lime  nurse  truck 

1.5  hours/acre 

$45  /hr 

65 

Amendment 

incorporation 

1.0  hr/acre 

$60  /hr 

60 

Seedbed 

preparation 

1.0  hr/acre 

$60  /hr 

60 

Seeding 

0.5  hr/acre 

$80  /hr 

40 

Seed  and  fertilizer 

lump  sum 

$125  /acre 

125 

TOTAL 

4,500 

* - assumes  that  the  0-8  inch  layer  is  amended 
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Table  7.3  Cost  estimate  for  implementation  of  the  coversoil  treatment  method  *. 


Cost  Item 

Typical  Amount 

Estimated 
Unit  Cost 

Total  Cost  ($/Acre) 

Lime  (CaC03) 

40  tons/acre 

$40  /ton 

1600 

Lime  Ca(OH)2 

10  tons/acre 

$70  /ton 

700 

Phosphogypsum 

5 tons/acre 

$30  /ton 

150 

Ferric  sulfate 

2 tons/acre 

$200  /ton 

400 

Water 

50,000  gallons 

$20  /1000  gal 

1000 

Mellowing-tillage 

1.0  hr/acre 

$60  /hr 

60 

Lime  spreader 

3 hours/acre 

$80  /hr 

240 

Lime  nurse  truck 

1.5  hours/acre 

$45  /hr 

65 

Amendment 

incorporation 

1.0  hr/acre 

$60  /hr 

60 

Coversoil  + 

1610  yds3 

$5.50  /yd 

8,855 

Coversoil 

Spreading  (D8) 

1.0  hr/acre 

$125  /hr 

125 

Seedbed 

preparation 

1.0  hr/acre 

$60  /hr 

60 

Seeding 

0.5  hr/acre 

$80  /hr 

40 

Seed  and  fertilizer 

lump  sum 

$125  /acre 

125 

TOTAL 

13,480 

* - Assumes  that  the  0-8  inch  layer  is  amended  and  is  then  buried  by  coversoil. 

+ - Assumes  that  12  inches  of  coversoil  is  used.  The  cost  estimate  is  based  on  bank 
yardage  (hauled  yards  = 1.5  x bank  yards). 


71 


Table  7.4  Cost  estimate  for  implementation  of  the  deep  mechanical  tillage  method  *. 


Cost  Item 

Typical  Amount 

Estimated 
Unit  Cost 

Total  Cost  ($/Acre) 

Lime  (CaC03) 

240  tons/acre 

$40  /ton 

9600 

Lime  Ca(OH)2 

60  tons/acre 

$70  /ton 

4200 

Phosphogypsum 

30  tons/acre 

$30  /ton 

900 

Ferric  sulfate 

12  tons/acre 

$200  /ton 

2400 

Initial  tillage 

2 hrs/acre 

$60  /hr 

120 

Deep  tillage  + 

1.5  hrs/acre 

$150  /hr 

225 

Water 

80,000  gallons 

$20  /1000  gal 

1600 

Mellowing-tillage 

2.0  hr/acre 

$60  /hr 

120 

Lime  spreader 

18  hours/acre 

$80  /hr 

1440 

Lime  nurse  truck 

9 hours/acre 

$45  /hr 

405 

Seedbed 

preparation 

1.0  hours/acre 

$60  /hr 

60 

Seeding 

0.5  hr/acre 

$80  /hr 

40 

Seed  and  fertilizer 

lump  sum 

$125  /acre 

125 

TOTAL 

21,235 

* - Assumes  that  the  0 to  48  inch  layer  is  amended. 

+ - Includes  D-8,  deep  plow  rental  and  mobilization  costs. 
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Table  7.5  Cost  estimate  for  implementation  of  the  Lime  Slurry  Pressure  Injection  (LSPI) 
deep  incorporation  method  *. 


Cost  Item 

Typical  Amount 

Estimated 
Unit  Cost 

Total  Cost($/Acre) 

Lime  (CaC03) 

240  tons/acre 

$40  /ton 

9600 

Lime  Ca(OH)2 

60  tons/acre 

$70  /ton 

4200 

Phosphogypsum 

5 tons/acre 

$30  /ton 

150 

Ferric  sulfate 

2 tons/acre 

$200  /ton 

400 

LSPI  + 

lump  sum 

$16,062  /acre 

16,062 

post-LSPI  tillage 

1 hr/acre 

$60  /hour 

60 

topdress-lime 

spreader 

4.5  hours/acre 

$80  /hour 

360 

Water-mellowing 

20,000  gallons 

$20  /1000  gal 

400 

Mellowing-tillage 

1.0  hr/acre 

$60  /hr 

60 

Seedbed 

preparation 

1.0  hours/acre 

$60  /hr 

60 

Seeding 

0.5  hr/acre 

$80  /hr 

40 

Seed  and  fertilizer 

lump  sum 

$125  /acre 

125 

TOTAL 

31,517 

* - Assumes  that  all  amendments  are  added  to  the  0 to  48  inch  layer. 

+ - Includes  rental  of  LSPI  injector  and  batch  tanks  including  labor  and  mobilization, 
injection  to  be  placed  on  2.5  foot  centers. 
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7.9  SEED  MIXTURE 
SPECIFICATION 

Seeding  recommendations  were 
developed  and  seed  mixtures  were 
prepared  for  the  field  phase  of  the 
treatability  studies.  Field  seeding  had  been 
proposed  for  late  autumn,  1988.  However, 
elevated  levels  of  pH  in  the  soils  after 
amendment  prohibited  seeding  at  that 
time.  When  soil  pH  was  determined  in 
late  November  (see  Section  7.6),  many 
field  plots  were  still  above  8.5,  the 
predetermined  critical  level.  Soils  in  the 
study  area  froze  shortly  thereafter. 
Seeding  will  be  delayed  until  more 
favorable  soil  conditions  prevail, 
presumably  in  March  or  early  April,  1989. 


Seeding  recommendations  were 
developed  for  each  of  the  five  sites  based 
on  the  greenhouse  evaluation  of  plant 
performance  in  Phase  I.  A full  discussion 
of  the  results  of  the  greenhouse  studies 
and  the  rationale  used  to  select  plant 
species  for  the  pilot-scale  phase  of  the 
STARS  project  is  presented  in  the  Draft 
Data  Report  for  the  STARS  Phase  I 
Treatability  Study  (Reclamation  Research 
Unit  and  Schafer  and  Associates  1989). 
Two  seed  mixtures  for  each  site  were 
recommended  and  these  are  presented  in 
Tables  7.6  through  7.10.  Seeds  of  each 
species  indicated,  for  each  seed  mixture, 
were  weighed  and  placed  in  individual 
packages  for  each  study  plot.  These 
packages  are  being  held  in  cold  storage 
until  the  anticipated  spring  seeding. 
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Table  7-6.  Soil  pH  of  selected  STARS  field  plots. 


Site 

Number 

Plot 

Number 

Treatment 

11-04-88 
Paste  pH 

11-17-88 
Paste  pH 

11-04-88 

Soluble 

PH 

11-17-88 

Soluble 

PH 

2 

2 

Agricultural 

8.40 

8.55 



8.48 

8 

n 

10.13 

9.25 

8.13 

9.22 

14 

ft 

7.21 

7.92 

— 

8.33 

22 

ft 

7.38 

8.38 

— 

8.11 

3 

Injection 

12.21 

11.44 

— 

11.09 

11 

ft 

9.71 

8.71 

— 

9.07 

13 

n 

10.65 

9.76 

— 

12.12 

23 

ft 

9.93 

10.18 

— 

10.66 

5 

Extra 

10.30 

9.02 

— 

8.97 

9 

ft 

12.30 

12.36 

— 

12.14 

17 

ft 

9.37 

8.41 

— 

8.66 

21 

ft 

10.05 

8.98 

— 

8.77 

6 

Deep  Plow 

12.28 

11.87 

9.10 

11.71 

10 

ft 

12.19 

9.75 

— 

12.03 

16 

ft 

12.16 

11.19 

— 

11.33 

24 

ft 

12.40 

11.72 

— 

11.93 

7 

1 

Agricultural 

8.38 

8.19 

— 

8.18 

10 

ft 

8.22 

8.20 

— 

8.05 

16 

ft 

6.15 

6.71 

— 

7.80 

23 

ft 

7.52 

6.58 

— 

7.41 

5 

Injection 

11.63 

9.26 

— 

9.01 

8 

ft 

10.59 

9.16 

— 

8.98 

18 

ft 

11.11 

8.99 

— 

8.57 

22 

ft 

7.79 

8.69 

— 

7.97 

3 

Deep  Plow 

11.60 

8.87 

— 

8.83 

9 

ft 

7.59 

8.68 

— 

8.15 

14 

ft 

8.03 

6.98 

— 

7.91 

20 

ft 

8.15 

8.21 

— 

8.13 

21 

5 

Agricultural 

8.09 

8.38 

— 

8.30 

9 

ft 

8.00 

8.29 

7.06 

8.11 

15 

ft 

7.68 

8.46 

— 

8.37 

23 

ft 

7.14 

8.19 

— 

8.14 

4 

Injection 

8.82 

8.51 

— 

8.34 

11 

ft 

12.37 

9.43 

— 

9.17 

14 

ft 

8.07 

8.91 

— 

8.71 

24 

ft 

9.31 

8.95 

— 

8.46 

2 

Deep  Plow 

7.83 

6.84 

— 

7.43 

7 

ft 

7.91 

7.57 

— 

7.86 

17 

ft 

7.12 

7.18 

— 

7.68 

21 

ft 

7.04 

7.97 

... 

8.01 
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Table  7-6.  (continued). 


Site 

Number 

Plot 

Number 

Treatment 

11-04-88 
Paste  pH 

11-17-88 
Paste  pH 

11-04-88 

Soluble 

PH 

11-17-88 

Soluble 

PH 

27 

4 

Agricultural 

7.89 

8.23 



8.14 

7 

n 

7.94 

8.31 

— 

8.22 

17 

ft 

7.26 

8.30 

— 

8.22 

19 

n 

7.62 

8.21 

— 

8.20 

1 

Extra 

9.35 

8.72 

— 

8.48 

9 

ft 

10.16 

9.17 

— 

8.77 

13 

tt 

9.40 

9.99 

— 

9.44 

20 

ft 

8.49 

7.70 

— 

7.96 

5 

Deep  Plow 

6.88 

6.69 

— 

7.32 

11 

ft 

6.55 

7.50 

— 

7.72 

16 

ft 

6.72 

7.79 

— 

7.88 

22 

ft 

7.00 

7.95 

— 

7.88 

33 

5 

Agricultural 

8.26 

8.32 

7.33 

8.43 

7 

it 

8.21 

8.69 

— 

8.58 

18 

n 

8.33 

8.52 

— 

8.39 

21 

ft 

8.29 

8.73 

— 

8.55 

1 

Injection 

9.31 

8.69 

— 

8.49 

10 

ft 

7.60 

8.38 

— 

8.25 

13 

ft 

10.46 

8.79 

— 

8.47 

22 

ft 

9.87 

8.63 

— 

8.59 

2 

Deep  Plow 

8.52 

8.68 

— 

8.46 

8 

ft 

7.40 

8.07 

— 

8.12 

17 

ft 

7.13 

8.17 

— 

8.07 

23 

ft 

7.98 

8.20 

“““ 

8.13 

76 


Table  7-7.  Species  recommended  for  seeding  in  Phase  II  of  the  STARS  study  in  Type  1 
wastes  (Site  33). 


Genus,  Species,  Cultivar 

Growth 

Form* 

Rate 

(PLS/sq  ft) 

Seed  Mix  1 

Aqroovron  smithii,  Rosana 

S 

15 

Elvmus  cinereus  Maonar 

B 

10 

Poa  comDressa  Reubens 

S 

15 

Aqroovron  trachvcaulum  Revenue* 

S/B 

10 

Melilotus  officinalis** 

10 

Seed  Mix  2 

Elvmus  ancrustus 

B 

10 

DeschamDsia  caespitosa 

B 

15 

AqroDvron  trichoDhorum  Greenleaf 

S 

15 

Aqroovron  rioarium  Sodar** 

S 

10 

Lotus  corniculatus  Tretana 

10 

* B - Bunchgrass;  S - Sod  former 

S/B  - somewhat  rhizomatous  bunchgrass 
**  indicates  no  evaluation  in  the  greenhouse 
PLS  - Pure  Live  Seed 


Table  7-8.  Species  recommended  for  seeding  in  Phase  II  of  the  STARS  study  in  Type  2 
wastes  (Site  7). 


Growth 

Rate 

Genus,  Species,  Cultivar 

Form* 

(PLS/sq  ft) 

Seed  Mix  1 


Festuca  ovina  Covar 

B 

15 

Poa  compressa  Reubens 

S 

15 

Calamovilfa  lonqifolia  Goshen 

S 

10 

Elvmus  anqustus 

B 

10 

Aqroovron  dasvstachvum  Critana 

S 

10 

Melilotus  officinalis** 

10 

Seed  Mix  2 

Festuca  t0nctif0tia  Durar 

B 

15 

DeschamDsia  caespitosa 

B 

15 

Elvmus  qiqanteus  Voloa 

S 

10 

Elvmus  cinereqs  Maonar 

B 

10 

Aqroovron  dasvstachvum  Critana 

S 

10 

Lotus  corniculatus  Tretana 

10 

* B - Bunchgrass;  S - Sod  former 

**  indicates  no  evaluation  in  the  greenhouse 
PLS  - Pure  Live  Seed 
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Table  7-9.  Species  recommended  for  seeding  in  Phase  II  of  the  STARS  study  in  Type  3 
wastes  (Site  21). 


Genus,  Species,  Cultivar 

Growth 

Form* 

Rate 

( PLS/sq  ft) 

Seed  Mix  1 - 

Aaropvron  elonqatura  Orbit 

B 

15 

AaroDvron  cristatum  EDhraim 

S/B 

15 

AaroDvron  ri,parium  Sodar** 

S 

15 

Distichlis  spicata 

S 

10  sprigs/plot 

Lotus  corniculatus  Tretana 

10 

Seed  Mix  2 

AaroDvron  intermedium  Greenar** 

S 

15 

Aaropvron  desertorum  Nordan** 

B 

15 

Aaropvron  trichophorum  Greenleaf 

S 

15 

Elvmus  iupceus  Swift** 

B 

15 

Melilotus  officinalis 

10 

* B - Bunchgrass;  S - Sod  former 

S/B  - somewhat  rhizomatous  bunchgrass 
**  indicates  no  evaluation  in  the  greenhouse 
PLS  - Pure  Live  Seed 


Table  7-10.  Species  recommended  for  seeding  in  Phase  II  of  the  STARS  study  in  Tailings 
(Type  T waste  - Site  2). 


Genus,  Species,  Cultivar 

Growth 

Form* 

Rate 

(PLS/sq  ft) 

Seed  Mix  1 

Aaropvron  elonqa'tum  Orbit 

B 

20 

Aaropvron  rip^piqp  Sodar** 

S 

20 

Aaropvron  intermedium  Greenar** 

S 

20 

Distichlis  spicata 

S 

10  sprigs/plot 

Lotus  corniculatus  Tretana 

20 

Seed  Mix  2 

Aaropvron  trichophorum  Greenleaf 

S 

20 

Aaropvron  trachvcaulum  Revenue 

S/B 

20 

Sitanion  hystri^ 

B 

20 

Elvmus  -junceus  Swift** 

B 

20 

Melilotus  officinalis 

20 

* B - Bunchgrass;  S - Sod  former 

S/B  - somewhat  rhizomatous  bunchgrass 

**  indicates  no  evaluation  in  the  greenhouse 
PLS  - Pure  Live  Seed 
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Table  7-11.  Species  recommended  for  seeding  in  Phase  II  of  the  STARS  study  in  Flooded 
Agricultural  soils  (Type  F waste  - Site  27). 


Genus,  Species,  Cultivar 

Growth 

Form* 

Rate 

( PLS/sq  ft) 

Seed  Mix  1 

AaroDvron  desertorum  Nordan** 

B 

20 

AaroDvron  smithii  Rosana 

S 

15 

AaroDvron  intermedium  Greenar** 

S 

15 

Lotus  corniculatus  Tretana 

10 

Seed  Mix  2 

AaroDvron  cristatum  Ephraim 

S/B 

20 

AaroDvron  elonaatum  Orbit 

B 

15 

AaroDvron  trichoDhorum  Greenleaf 

S 

15 

Medicaao  sativa  SDreader  II** 

10 

* B - Bunchgrass;  S - Sod  former 

S/B  - somewhat  rhizomatous  bunchgrass 
**  indicates  no  evaluation  in  the  greenhouse 
PLS  - Pure  Live  Seed 
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A.1  BACKGROUND  OF  XRF 


X-ray  fluorescence  spectrometry  also  referred  to  as  x-ray  spectrochemical  analysis 
is  an  analytical  tool  capable  of  providing  elemental  analysis  of  samples  at  a fraction  of 
the  cost  of  wet  chemical  analysis.  Elements  with  an  atomic  number  greater  than  8 can 
be  identified  and  quantified  by  XRF.  As  part  of  the  STARS  project,  XRF  was  used  to 
characterize  the  soils  at  each  plot  site  for  metal  content.  Soil  maps  obtained  from 
kriged  XRF  soil  metals  data  were  used  to  assign  plot  areas  on  soils  that  were 
homogeneous  and  were  similar  in  chemical  characteristics  to  the  bulk  samples  that  were 
collected  from  each  site  (see  Appendix  C:  Kriged  Maps). 

X-ray  fluorescence  spectrometry  is  based  on  the  energy  change  that  electrons 
undergo  when  x-rays  are  directed  onto  the  surface  of  a specimen.  When  an  x-ray  beam 
strikes  a sample,  secondary  x-radiation  is  emitted.  This  occurs  as  the  x-ray  strikes  the 
sample  and  "excites"  the  electrons.  Excited  electrons  are  ejected  from  the  low-energy 
levels  of  the  atoms  and  these  electrons  are  then  replaced  by  electrons  from  the  higher- 
energy  orbital  levels.  Ejection  of  electrons  from  the  lower  energy  levels  and 
replacement  by  electrons  from  higher  energy  levels  results  in  the  release  of  energy  in 
the  form  of  an  x-ray  photon.  The  energy  of  the  x-ray  photon  corresponds  to  the 
difference  between  the  energies  of  the  electrons  in  the  lower  and  higher  levels  of  the 
element  excited.  Photon  energy  of  a given  electron  transition  increases  with  the  atomic 
number  and  each  element  has  a characteristic  emission  energy  for  each  electron 
transition.  Thus,  measurement  of  the  secondary  x-ray  energy  spectra  provides  a unique 
signature  for  each  element  while  the  rate  of  photon  emission  is  proportional  to  the 
elements  concentration.  Many  laboratory  XRF  units  utilize  complex  computerized 
mathematical  models  to  compensate  for  any  spectral  overlap  of  element  emission  peaks 
to  determine  concentration.  X-ray  fluorescence  spectrometers  record  these 
characteristic  spectra  and  their  energies  thereby  identifying  and  quantifying  the 
elements.  An  operable  x-ray  fluorescence  must  be  able  to:  (1)  generate  x-rays,  (2) 
collect  fluorescent  energies  and  transform  them  into  electrical  impulses,  (3)  process, 
interpret  and  store  these  electrical  impulses,  and  (4)  display  the  interpreted  data  in  a 
form  the  operator  can  use. 


A.2  PORTABLE  ATX-100  OPERATION 

The  Aurora-Tech  model  ATX-100  (Aurora  Tech  Inc.,  331  Rio  Grande  St.,  Salt 
Lake  City  Utah  84101)  was  the  x-ray  fluorescence  spectrometer  utilized  by  the  STARS 
project  team.  The  ATX-100  is  a self-contained  portable  x-ray  fluorescence 
spectrometer  that  detects  and  analyses  the  presence  of  over  60  different  elements.  The 
model  ATX-100  is  an  energy  dispersive  x-ray  spectrometer  that  utilizes  Fe-55  and  Cd- 
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109  as  radiation  sources  for  x-ray  generation  and  an  onboard  microprocessor  for  signal 
processing  which  is  capable  of  interfacing  with  a portable  computer. 

The  model  ATX-100  is  a dual-source  XRF  containing  both  Cd-109  and  Fe-55  x- 
ray  sources.  A single  detector  can  be  used  with  either  source.  The  higher-energy  Cd- 
109  source  which  emits  x-rays  at  22.2  kev  allows  elements  from  atomic  number  20 
(Calcium)  to  45  (Rhodium)  to  be  detected.  These  elements  fluoresce  in  a single 
wavelength  (Figure  A.1).  A second  set  of  elements  from  atomic  number  57 
(Lanthanum)  to  atomic  number  95  (Americium)  have  two  fluorescence  wavelengths  as 
two  distinct  outer  shell  electrons  with  different  energy  states  can  decay  to  fill  the  vacant 
inner  electron  shell  of  an  excited  atom.  Many  of  the  elements  of  concern  are  thus 
detectable  with  the  Cd-109  source  including  Mn,  Fe,  Cu,  Zn,  As,  and  Pb. 

The  emitted  photons  from  each  element  form  a broad  peak  centered  on  a 
specific  energy  level.  Iron,  for  example,  forms  a peak  centered  at  6.39  kev.  The  iron 
peak  is  more  than  1 kev  wide  ranging  from  5.2  to  7.4  kev  (Figure  A.2).  Element 
fluorescence  peak  separation  is  less  than  the  peak  width.  As  a result,  substantial 
overlap  results.  Manganese,  for  example,  is  centered  on  5.89  kev  and  thus  occurs  on 
the  "shoulder"  of  the  more  dominant  iron  peak. 

As  a consequence  of  the  overlap  of  emission  spectra,  without  sophisticated 
detectors  and  signal  processing  techniques  which  are  currently  unavailable  on  portable 
XRF1  units,  only  elements  present  in  higher  concentrations  can  be  quantified.  Further, 
in  order  to  assess  element  abundance,  the  magnitude  of  the  peak  heights  of  several 
neighboring  elements  must  be  considered. 

The  ATX-100  reads  the  emission  spectra  from  0 to  24  kev  in  a sample  excited 
by  the  Cd-109  source  and  segments  the  signal  into  512  bandwidths.  The  number  of 
photons  detected  in  each  bandwidth  are  accumulated  for  the  length  of  a pre-set 
counting  period  (usually  30  seconds  for  a fresh  Cd-109  source  of  15  m Ci  strength).  To 
quantify  an  element  the  ATX-100  sums  the  counts  in  the  10  bands  centered  on  the 
elements  emission  peak  (6.39  kev  for  Fe).  This  quantity  is  divided  by  the  ,fbackscatter 
peak"  which  is  the  reflectance  of  the  original  Cd-109  x-ray  signal  at  22.2  kev.  This  ratio 
is  the  "index  value"  for  the  element. 

The  ATX-100  can  provide  index  values  for  elements  in  the  field  by  moving  a 
cursor  on  a small  screen  to  a selected  element  and  reading  the  value  off  of  a LCD 
display  or  by  storing  the  entire  spectrum  on  an  external  microcomputer  disk  storage 
device.  Software  provided  by  the  manufacturer  can  then  list  index  values  for  all 
elements  detected  by  the  Cd-109  source.  STARS  data  were  uploaded  in  the  field  to  a 
portable  computer  to  speed  data  acquisition  and  to  archive  the  sample  data. 
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Figure  A-l.  Location  of  X-ray  emmission  spectral  lines  for  the  Cd-109  source,  ATX- 
100  portable  XRF. 
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Figure  A-2.  Typical  X-ray  emmission  spectrograph  showing  location  of  principal 
elemental  peaks. 
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During  all  field  measurements  the  model  ATX- 100  was  directly  interfaced  with  a 
portable  personal  computer  and  spectral  lines  generated  by  the  Fe-55  and  Cd-109 
source  were  input  directly  to  computer  disk  for  each  sample.  Spectral  lines  generated 
by  the  Cd-109  source  were  utilized  for  the  analyses  performed  by  the  ATX-100. 

Spectral  lines  generated  by  the  Fe-55  source  were  stored  on  disk  but  were  not  utilized 
in  the  analyses. 

The  ATX-100  electronics  must  be  "calibrated"  in  the  field  by  aligning  signal 
output  to  a known  elemental  peak.  A small  piece  of  lead  foil  was  analyzed  by  the 
ATX-100  and  then  the  alignment  of  the  lead  alpha  peak  within  the  ATX-100  was 
checked  against  spectral  response.  If  the  alignment  was  incorrect,  the  signal  width  was 
expanded  or  contracted  as  necessary  and  the  lead  foil  was  re-read.  This  check  was 
repeated  until  satisfactory  alignment  was  achieved.  Lead  foil  checks  were  repeated 
after  every  10  to  15  samples  to  correct  for  signal  drift  in  the  instrument. 

Samples  collected  in  the  field  were  prepared  for  analysis  by  disaggregating  and 
mixing  before  a subsample  was  taken.  Large  rocks  (>2mm  diameter)  were  removed 
from  the  sample.  The  subsample  was  placed  in  a plastic  petri  dish  and  a uniform  flat 
surface  was  prepared  by  pressing  with  a second  petri  dish.  The  ATX-100 
source/detector  "window"  was  then  placed  directly  atop  the  flat  sample  surface.  A 30- 
second  reading  was  then  taken  for  both  the  Fe-55  and  the  Cd-109  sources.  Spectral 
data  were  checked  on  the  ATX-100  screen  to  make  sure  an  appropriate  signature  was 
received.  These  data  were  then  uploaded  to  a portable  PC  linked  to  the  ATX-100  and 
stored  on  disk  for  later  retrieval.  The  "window"  was  then  cleaned  by  removing  adhering 
sample  with  a stream  of  compressed  air  before  the  next  sample  or  calibration  check 
was  performed. 


A .3  ATX-100  CALIBRATION 

Calibration  of  the  model  ATX-100  was  accomplished  using  the  35  bulk  samples 
and  the  known  total  metals  value  for  these  samples.  Predictive  equations  were 
developed  for  several  elements  using  XRF  peak  indices.  Peak  index  is  the  number  of 
fluorescence  counts  detected  in  a wavelength  band  corresponding  to  a particular 
element  divided  by  the  "backscatter"  peak.  To  develop  calibration  equations  for  an 
element,  its  peak  index  was  used  as  an  independent  variable  along  with  the  peak 
indices  of  "neighboring"  elements.  Certain  dominant  peaks  affect  the  height  of  adjacent 
elements.  The  iron  peak  overlaps  the  manganese  peak  and  the  copper  and  zinc  peaks 
also  overlap.  Multivariate  predictive  equations  were  developed  that  would  correct  for 
the  interference  of  adjacent  peaks. 
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Certain  elements  have  two  inflorescence  peaks  (alpha  and  beta  peaks)  which  are 
both  integrated  by  the  model  ATX- 100.  Lead  is  an  example  of  a twin-peaked  element. 
The  alpha  peaks  for  lead  is  coincident  with  the  arsenic  peak  leading  to  interpretation 
difficulties.  As  a result,  use  of  the  beta  peak  for  lead  was  the  best  indicator  of  lead 
content.  The  single  krypton  peak  lies  over  the  lead  beta  peak,  so  it  was  included  as  an 
independent  variable  for  developing  the  lead  calibration.  Separate  sets  of  multivariate 
calibration  equations  were  developed  using  all  35  bulk  samples  and  using  only  tailings 
materials  (n=27).  The  tailings-only  curves  were  used  for  tailings  materials  at  sites  2,  7, 
21,  and  33.  The  combined  curves  were  used  for  site  27. 


Calibration  equations  developed  using  all  35  bulk  samples. 
Units  are  mg/kg  soil  except  where  noted: 

Mn  = 359.4  + 18470(1^)  - 12270(IFe) 

R2  = 0.56  p < .0001 

Fe  = -3343  + 15620(IFe) 

R2  = 0.724  p < .0001 

Cu  = -1904  + 10390(ICu)  - 318(IPe)  - 3426(IZn) 

R2  = 0.898  p < .0001 

Zn  = 1414  + 6927(Izn)  - 7779(1^) 

R2  = 0.779  p < .0001 

As  = -91.31  + 6451(1^)  - 210.9(IZn)  - 7262(1^) 

R2  = 0.975  p < .0001 

Pb  = -3627  + 16810(Ikt)  - 226.1(IFe)  - 2889(1^) 

R2  = 0.86  p < .0001 

S (%)  = -5.402  + 52.47  (Is) 

R2  = 0.608  p < .0001 


Calibration  equations  developed  using  only  tailing  material. 

Mn  = -1471  + 8098(lMn)  - 5337(IFe)  + 4809(1^) 

R2  = 0.364 
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Fe  = -186.9  + 15170  (IFe) 

R2  = 0.7376 

Cu  = -4046  - 289.1(IFe)  + 5737  (ICu)  - 5898(1^)  - 15270(1^) 
R2  = 0.9091 

Zn  = 2737  + 7199(1^)  - 10860(1^) 

R2  = 0.8309 

As  = -292.3  - 198.6(Izn)  + 6126(1^)  - 6356(1^) 

R2  = 0.9797 

Pb  = -2141  - 177.9(IFe)  + 8680(1^ 

R2  = 0.938 


A.4  XRF  DATA  VERIFICATION 

Field  data  collected  with  the  ATX- 100  were  verified  by  collecting  duplicate 
samples  for  which  XRF  analyses  were  performed.  These  samples  were  submitted  to 
the  EPA-CLP  for  total  metal  analysis  by  digestion  on  HN03  and  H202.  Metal  levels 
determined  by  each  method  were  compared  to  verify  the  accuracy  of  the  XRF  method. 
The  XRF  unit  was  originally  calibrated  using  a data  set  of  35  bulk  samples  which  were 
analyzed  by  the  same  HN03/H202  digestion.  Results  of  data  verification  are  described 
below.  A regression  equation  was  developed  to  predict  XRF  metal  levels  from 
laboratory  metal  levels.  If  data  from  both  methods  were  in  perfect  agreement,  the 
regression  line  should  have  an  intercept  of  zero,  a slope  of  1.0,  and  a perfect 
correlation  (1.0)  (Table  Al).  In  addition  data  were  screened  to  see  how  many  XRF 
measured  metal  levels  were  within  20  percent  of  laboratory  levels. 
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Table  AT.  Verification  of  XRF  metal  concentration  measurements. 


Element 

Intercept 

Slope 

R2 

Number  within 
control  limits 

Mn 

4454 

0.793 

0.396 

1/18 

Fe 

-9777 

1.582 

0.629 

12/19 

Cu 

-346 

1.636 

0.952 

8/23 

Zn 

574 

0.778 

0.966 

20/24 

As 

218 

0.704 

0.704 

20/21 

Pb 

-223 

1.220 

0.969 

19/22 

The  XRF  field  data  were  well  correlated  with  laboratory  results  for  Cu,  Zn,  Pb, 
and  As.  Copper  data  appeared  to  have  a substantial  bias  with  only  8 of  23  within  the 
20%  accuracy  control  limits.  Field  copper  levels  were,  in  general,  over-estimated.  As  a 
result  of  the  data  verification,  the  project  team  decided  to  use  Zn  and  As  data  to  site 
plots.  The  XRF  unit  appears  to  provide  consistent  results  with  acceptable  accuracy  and 
precision  for  these  elements  (see  precision  statement,  Appendix  E).  Further,  As  levels 
often  correlate  with  Pb  content.  As  a result,  investigation  of  Zn  and  As  should 
adequately  describe  important  differences  in  the  suite  of  metals  found  in  streambank 
tailings. 
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Geostatistics  is  based  on  the  theory  of  regionalized  variables.  A regionalized 
variable  is  distributed  in  space  and  is  in  part  dependent  on  the  spacial  position  of  the 
variable.  A regionalized  variable  possesses  two  fundamental  characteristics:  (i)  a local, 
random  erratic  component  similar  to  that  of  a random  variable;  (ii)  a general  structural 
aspect  which  can  be  described  by  a sample’s  spacial  relationship  to  neighboring  samples. 
Unlike  most  classical  statistics,  the  assumption  of  independence  is  not  made.  A 
comprehensive  review  of  the  practical  application  of  geostatistics  to  the  problems  of  ore 
reserve  estimation  is  given  by  Journel  and  Huijbregts  (1978).  Geostatistical  analysis  was 
performed  using  software  developed  by  H.  P.  Knudsen  (1987). 

The  geostatistical  analysis  used  in  the  STARS  study  was  composed  of  four  basic 
procedures,  semi-variogram  development,  validating  a semi-variogram  model,  kriging,  and 
creating  isarithmic  maps  for  pH,  EC,  As,  and  Zn  at  each  field  site  from  the  results  of 
kriging.  The  semi-variogram  is  the  basic  tool  of  geostatistics.  All  other  geostatistical 
techniques  are  contingent  on  the  semi-variogram  (i.e.  kriging,  determination  of  estimation 
variance).  Semi-variance  can  be  defined  by  the  following  equation: 

r(h)=!$E[{Z(x+h)-Z(x)}-]  [1] 

Z(x)  and  Z(x+h)  are  two  numerical  values  separated  by  a vector  h.  The  vector  h has  a 
distance  and  direction  component  and  semi-variance  is  calculated  for  as  many  different 
distances  as  possible.  The  semi-variogram  is  a plot  of  semi-variance  on  the  vertical  axis 
and  distance  between  sample  pairs,  or  lag  on  the  horizontal  axis. 

Mathematical  models  are  used  to  characterize  these  plots  of  semi-variance. 
Spherical  semi-variogram  models  were  used  to  describe  the  spatial  variability  of  the  tailings 
parameters  pH,  EC,  As  and  Zn.  The  spherical  model  is  described  by  the  equations: 


r(h)=C^  + C^j{1.5(h/a)-0.5(h/a)J}  for  0<h<a  [2a] 

r(h)=C(0j+C|7j  for  h>a.  [2b] 


In  these  equations,  h,  is  the  separating  distance  between  points,  or  lag.  The  nugget 
value  represents  a random  component  to  the  semi-variance.  The  nugget  value  can’t 
be  explained  by  a sample’s  spacial  location  and  is  due  to  errors  in  measurement  and  micro- 
variabilities of  the  parameter  of  interest.  The  range  of  influence,  a,  represents  the  distance 
within  which  samples  are  spatially  correlated.  Beyond  this  range  samples  are  independent 
of  each  other.  The  value  at  which  r(h)  levels  out  is  called  the  sill.  It  consists  of  the 
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nugget  variance  ,C^,  plus  a component,  C^,  which  represents  that  portion  of  the  semi- 
variance which  is  due  to  spatial  dependence  in  the  data  set. 

The  mathematical  models  fitted  to  the  semi-variograms  are  used  in  subsequent 
applications,  e.g.  kriging.  To  date,  there  is  no  guaranteed,  purely  objective  method  for 
fitting  models  to  sample  semi-variograms.  The  method  used  to  cross-validate  semi- 
variogram  models  in  this  study  is  jackknifing  or  leave-one-out  validation.  When  jackknifing, 
a data  point  is  eliminated  and  a local  estimate  of  the  eliminated  point  is  made,  using 
kriging  procedures,  from  remaining  data.  This  process  is  carried  out  for  all  samples  in  the 
area  of  interest.  The  statistics  of  the  errors  between  the  measured  value,  Z(x)  and  the 
estimated  value,  Z*(x)  are  analyzed  to  see  if  the  model  is  acceptable. 

For  a model  to  be  considered  valid  a number  of  requirements  are  necessary.  Since 
kriging  is  an  exact  interpolator,  an  estimated  value  should  be  equal  to  the  measured  value, 
i.e.,  [Z*(x)=Z(x)J.  The  observed  distribution  of  errors,  [Z*(x)-Z(x)]  should  have  a mean 
equal  to  zero  and  the  variance  of  actual  errors  should  equal  the  kriging  variance  (Journel 
and  Huijbregts  1978).  The  variance  of  actual  errors,  and  the  kriging  variance  have  the 
same  mathematical  expectation  (E{[Z(x)-Z*(x)]-}).  Also,  95%  of  the  observed  errors 
should  fall  within  ±2 0£  of  the  mean. 

Kriging  uses  the  principle  of  weighted  local  averaging  which  can  give  estimates  of 
tailing  properties  at  unknown  locations  and  is  therefore  a type  of  interpolation.  Kriging 
provides  the  best  linear  unbiased  estimate  of  the  unknown  characteristic  with  an  associated 
estimation  variance.  Kriging  is  a superior  method  of  interpolation  because  it  is  unbiased 
and  the  estimation  variance  associated  with  an  estimate  can  be  used  to  determine 
confidence  limits  on  the  estimate.  Ordinary  block  kriging  was  used  to  make  estimates  of 
tailings  parameters.  Block  kriging  estimates  simulate  average  values  for  a volume  of 
tailings  as  opposed  to  a point  estimates.  The  block  size  used  in  this  study  was  3.048  m by 
3.048  m (10  ft  by  10  ft)  and  samples  used  during  kriging  were  from  the  surface  15  cm  of 
tailings.  An  excellent  review  of  kriging,  that  used  soil  properties  is  given  by  Burgess  and 
Webster  (1980  a,b). 

The  weights  used  in  the  kriging  system  take  account  of  the  known  spatial 
dependencies  expressed  in  the  semi-variogram  and  the  geometric  relationships  among  the 
observed  points.  In  general,  near  points  carry  more  weight  than  distant  points,  points  that 
occur  in  clusters  carry  less  weight  than  lone  points,  and  points  lying  between  the  point  to 
be  interpolated  and  more  distant  points  screen  the  distant  points  so  that  the  latter  have 
less  weight  than  they  would  otherwise  (Burgess  and  Webster  1980a). 

In  a number  of  cases,  data  were  transformed  before  geostatistical  analysis.  At  site 
2 the  parameters  As  and  Zn  were  converted  to  log  base  10  values  and  at  site  7,  Zn  results 
were  converted  to  log  base  10  values.  These  data  were  transformed  because  the 
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distribution  of  the  log  base  10  data  points  approximated  a normal  distribution  much  better 
than  the  original  nontransformed  data.  Transformed  data  also  produced  more  acceptable 
experimental  semi-variograms. 

At  site  21  the  parameters  As  and  Zn  were  linearly  transformed  before  geostatistical 
analysis.  These  data  were  divided  by  1000  to  make  contour  labeling  of  the  data  more 
legible  when  the  kriging  results  were  plotted. 

In  a number  of  instances  semi-variograms  could  not  be  developed  for  the  parameter 
arsenic.  This  occurred  at  sites  7,  27  and  33.  At  the  sampling  intervals  used,  As  data 
were  spatially  independent  with  the  semi-variograms  exhibiting  what  is  termed  "pure  nugget 
effect".  In  these  instances  moving  averages  were  used  to  contour  these  As  data.  When 
interpolating,  an  inverse  distance  squared  method  of  weighing  adjacent  data  points  was 
used.  Variance  maps  can  not  be  generated  for  arsenic  samples  taken  at  sites  7,  27  and 
33. 
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GRID  XRF,  pH,  EC,  and  TAILINGS  DEPTH  DATA 

KRIGING  MAPS 

PLOT  SULFUR,  PLANT  NUTRIENT,  pH,  EC,  AND 
PARTICLE-SIZE  DATA 
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Figure  C. 5 Kriging  variance 

XRF  Sample  Locations  isarithm  map  for  Zn  (mg/kg) 
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Figure  C. 12  Kriged  value 
isarithm  map  for  pH  in  the  0-15 
cm  depth,  Class  2 tailings.  Site 
7,  STARS  Phase  II 
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Figure  C.  14  Kriged  value 
isarithm  map  for  EC  (mmhos/cm) 
in  the  0~15  cm  depth,  Class  2 
tailings,  Site  7,  STARS  Phase  II 
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Figure  C.  16  Kriged  value 
isarithm  map  for  Zn  (mg/kg) 
(log10)  in  the  0-15  cm  depth. 
Class  2 tailings.  Site  7,  STARS 
Phase  II 
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LEGEND 

Figure  C.  -7  Sample  locations 

- XRF  Sample  Locations  f°r  the  °-i5  cm  depth, 

Class  2 tailings.  Site  7,  STARS 
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Figure  C. 18  Inverse  distance 
squared  isarithm  map  for  As 
(mg/kg)  in  the  0-15  cm  depth, 
Class  2 tailings,  Site  7,  STARS 
Phase  II 
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Figure  C.20  Inverse  distance 
squared  isarithm  map  for  depth 
to  groundwater  (cm),  Class  2 
tailings.  Site  7,  STARS  Phase  II 
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LEGEND 

Figure  C.23  Kriging  variance 
XRF  Sample  Locations  isarithm  map  for  EC  (mmhos/cm) 

in  the  0-15  cm  depth,  Class  3 
tailings , Site  21,  STARS  Phase 
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Figure  C.24  Kriged  value 
isarithm  map  for  EC  (mmhos/cm) 
in  the  0-15  cm  depth,  Class  3 
tailings,  Site  21,  STARS  Phase 
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Figure  C. 28  Kriged  value 
isarithm  map  for  As  (mg/kg) 
(1/1000)  in  the  0-15  cm  depth, 
Class  3 tailings.  Site  21,  STARS 
Phase  II 
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Figure  C.29  Inverse  distance 
sguared  isarithm  map  for 
tailings  thickness  (feet),  class 
3 tailings.  Site  21,  STARS  Phase 
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Figure  C. 30  Inverse  distance 
squared  isarithm  map  for  depth 
to  groundwater  (cm),  Class  3 
tailings,  site  21,  STARS  Phase 
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LEGEND 

XRF  Sample  Locations  Figure  C.33  Kriging  variance 

isanthm  map  for  EC  (mmhos/cm) 
in  the  0-15  cm  depth.  Class  F 
tailings.  Site  27,  STARS  Phase 
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LEQENQ  Figure  C.  35  Kriging  variance 

isarithm  map  for  Zn  (mg/kg)  in 

XRF  Sample  Locations  the  0-15  cm  depth.  Class  F 

tailings.  Site  27,  STARS  Phase 
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Figure  C.3m  Kriging  variance 
isarithm  map  for  pH  in  the  0-15 
cm  depth,  Class  1 tailings,  Site 
33,  STARS  Transition  Phase  II 
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Figure  C . 41  Kriging  variance 
isarithm  map  for  EC  (mmhos/cm) 
in  the  0-15  cm  depth,  Class  1 
tailings,  Site  33,  STARS  Phase 
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Figure  C.  43  Kriging  variance 
isarithm  map  for  Zn  (mg/kg)  in 
the  0-15  cm  depth,  Class  1 
tailings,  Site  33,  STARS  Phase 
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Figure  C. 45  Sample  locations 
for  As  in  the  0-15  cm  depth. 
Class  1 tailings,  Site  33,  STARS 
Phase  II 
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Table  C-23.  Soil  pH,  EC,  and  particle  size  distribution  of  Silver  Bow 
Creek  / STARS  Phase  II  field  plots  at  the  topsoil  stockpile. 


SILVER  BOW  CREEK  / STARS 
PHASE  II  FIELD  PLOT  DATA 
pH,  EC,  AND  TEXTURE 


SAMPLE 

NUMBER 

PLOT 

NUMBER 

DEPTH 

(in) 

PASTE  PASTE 

pH  EC 

(mmhos/ 
cm) 

SAND 

(Z) 

SILT 

(Z) 

CLAY 

(Z) 

**  SITE 

NUMBER 

0 (Topsoil 

stockpile) 

TS1 

0 

0.0  to 

6.0  8.47 

0.70 

79 

16 

5 

TS2 

0 

0.0  to 

6.0  8.12 

1.80 

82 

13 

5 

TS3 

0 

0.0  to 

6.0  7.34 

0.48 

79 

13 

8 

TS4 

0 

0.0  to 

6.0  8.02 

4.94 

77 

18 

5 

TS5 

0 

0.0  to 

6.0  7.44 

0.67 

79 

16 

5 
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Table  C-12.  Soil  nutrient  levels  in  Silver  Bov  Creek  / STARS  field  plot  site  2. 


SILVER  BOV  CREEK  / STARS 
SOIL  NUTRIENT  LEVELS 
IN  FIELD  PLOTS 


BLOCK 

NUMBER 

DEPTH 

(in) 

SAMPLE 

NUMBER 

LAB 

SAMPLE 

NUMBER 

TOTAL 

N03-N 

(mg/ 

kg) 

EXTR. 

K 

(mg/ 

kg) 

BRAY 

P 

(mg/ 

kg) 

AVAIL . 
B 

(mg/ 

kg) 

1 

0 

to 

6 

2R1 

7 

1.0 

B 

10 

11.2 

0.5 

1 

6 

to 

18 

2R1A 

8 

1.0 

B 

9 

10.4 

- 

N 

1 

18 

to 

48 

2R1B 

9 

1.0 

B 

126 

9.8 

- 

N 

2 

0 

to 

6 

2R2 

10 

1.0 

B 

6 

9.4 

0.5 

2 

6 

to 

18 

2R2A 

12 

1.0 

B 

5 

6.4 

- 

N 

2 

6 

to 

18 

2R2B 

13 

1.0 

B 

69 

11.0 

- 

N 

3 

0 

to 

6 

2R3 

14 

1.0 

B 

1 

16.4 

0.4 

3 

6 

to 

2 

2R3A 

15 

1.0 

B 

42 

11.6 

- 

N 

3 

18 

to 

48 

2R3B 

16 

1.0 

B 

0 

26.6 

- 

N 

4 

0 

to 

6 

2R4 

17 

1.0 

B 

5 

14.6 

0.5 

4 

6 

to 

18 

2R4A 

18 

1.0 

B 

16 

10.0 

- 

N 

4 

18 

to 

48 

2R4B 

20 

1.0 

B 

51 

8.0 

- 

N 

B - below  the  instrument  detection  limit  (IDL),  value  reported  is  the  IDL. 
N - not  sufficient  sample  to  perform  analysis. 
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Table  C-13.  Soil  nutrient  levels  in  Silver  Bov  Creek  / STARS  field  plot  site  7. 


SILVER  BOW  CREEK  / STARS 
SOIL  NUTRIENT  LEVELS 
IN  FIELD  PLOTS 


BLOCK 

NUMBER 

DEPTH 

(in) 

SAMPLE 

NUMBER 

LAB 

SAMPLE 

NUMBER 

TOTAL 

N03-N 

(mg/ 

kg) 

EXTR. 

K 

(mg/ 

kg) 

BRAY 

P 

(mg/ 

kg) 

AVAIL . 
B 

(mg/ 

kg) 

1 

0 

to 

6 

7R1 

21 

1.0 

B 

26 

15.6 

0.2 

1 

6 

to 

18 

7R1A 

22 

1.0 

B 

29 

12.6 

- 

N 

1 

18 

to 

48 

7R1B 

23 

1.0 

B 

16 

16.2 

- 

N 

2 

0 

to 

6 

7R2 

24 

1.2 

45 

17.2 

0.2 

2 

6 

to 

18 

7R2A 

25 

1.0 

B 

37 

26.8 

- 

N 

2 

18 

to 

48 

7R2B 

26 

1.0 

B 

18 

13.0 

- 

N 

3 

0 

to 

6 

7R3 

27 

1.0 

B 

47 

13.6 

0.2 

3 

6 

to 

18 

7R3A 

28 

1.0 

B 

52 

11.8 

- 

N 

3 

18 

to 

48 

7R3B 

29 

1.0 

B 

66 

17.6 

- 

N 

4 

0 

to 

6 

7R4 

30 

1.2 

62 

19.0 

0.2 

4 

6 

to 

18 

7R4A 

31 

1.0 

B 

41 

10.6 

- 

N 

4 

18 

to 

48 

7R4B 

32 

1.0 

B 

20 

15.2 

- 

N 

B - below  the  instrument  detection  limit  (IDL),  value  reported  is  the  IDL. 
N - not  sufficient  sample  to  perform  analysis. 
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Table  C-14.  Soil  nutrient  levels  in  Silver  Bow  Creek  / STARS  field  plot  site  21 


SILVER  BOW  CREEK  / STARS 
SOIL  NUTRIENT  LEVELS 
IN  FIELD  PLOTS 


BLOCK 

NUMBER 

DEPTH 

(in) 

SAMPLE 

NUMBER 

LAB 

SAMPLE 

NUMBER 

TOTAL 

N03-N 

(mg/ 

kg) 

EXTR. 

K 

(mg/ 

kg) 

BRAY 

P 

(mg/ 

kg) 

AVAIL . 
B 

(mg/ 

kg) 

1 

0 

to 

6 

21R1 

33 

48.0 

125 

20.0 

0.3 

1 

6 

to 

18 

21R1A 

34 

13.4 

129 

25.2 

- 

N 

1 

18 

to 

48 

21R1B 

35 

11.5 

672 

42.0 

- 

N 

2 

0 

to 

6 

21R2 

36 

32.0 

84 

26.0 

0.4 

2 

6 

to 

18 

21R2A 

37 

22.0 

129 

21.2 

- 

N 

2 

18 

to 

48 

21R2B 

38 

10.4 

732 

26.0 

- 

N 

3 

0 

to 

6 

21R3 

39 

36.0 

78 

27.6 

0.3 

3 

6 

to 

18 

21R3A 

40 

5.4 

144 

20.4 

- 

N 

3 

18 

to 

48 

21R3B 

41 

15.4 

0 

30.0 

- 

N 

4 

0 

to 

6 

21R4 

42 

9.2 

43 

32.0 

0.3 

4 

6 

to 

18 

21R4A 

43 

9.3 

87 

21.6 

- 

N 

4 

18 

to 

48 

21R4B 

44 

1.0 

0 

18.7 

- 

N 

B - below  the  instrument  detection  limit  (IDL),  value  reported  is  the  IDL. 
N - not  sufficient  sample  to  perform  analysis. 
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Table  C-15.  Soil  nutrient  levels  in  Silver  Bow  Creek  / STARS  field  plot  site  27. 


SILVER  BOW  CREEK  / STARS 
SOIL  NUTRIENT  LEVELS 
IN  FIELD  PLOTS 


BLOCK 

NUMBER 

DEPTH 

(in) 

SAMPLE 

NUMBER 

LAB 

SAMPLE 

NUMBER 

TOTAL 
N03-N 
(mg  / 
kg) 

EXTR. 

K 

(mg/ 

kg) 

BRAY 

P 

(mg/ 

kg) 

AVAIL . 
B 

(mg/ 

kg) 

1 

0 

to 

6 

27R1 

45 

66.0 

1090 

26.8 

1.0 

1 

6 

to 

18 

27R1A 

46 

33.0 

243 

5.8 

- 

N 

1 

18 

to 

48 

27R1B 

47 

14.4 

382 

3.5 

- 

N 

1 

0 

to 

6 

27R2 

48 

110.0 

970 

22.8 

1.0 

2 

6 

to 

18 

27R2A 

49 

156.0 

265 

6.5 

- 

N 

2 

18 

to 

48 

27R2B 

50 

62.0 

341 

2.0 

- 

N 

3 

0 

to 

6 

27R3 

51 

94.0 

924 

19.2 

1.2 

3 

6 

to 

18 

27R3A 

52 

20.0 

279 

3.0 

- 

N 

3 

18 

to 

48 

27R3B 

53 

7.4 

258 

2.5 

- 

N 

4 

0 

to 

6 

27R4 

54 

91.0 

942 

14.8 

0.9 

4 

6 

to 

18 

27R4A 

55 

86.0 

288 

3.2 

- 

N 

4 

18 

to 

48 

27R4B 

56 

17.6 

288 

3.2 

• 

N 

B - below  the  instrument  detection  limit  (IDL),  value  reported  is  the  IDL. 
N - not  sufficient  sample  to  perform  analysis. 
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Table  C-16.  Soil  nutrient  levels  in  Silver  Bov  Creek  / STARS  field  plot  site  33 


SILVER  BOV  CREEK  / STARS 
SOIL  NUTRIENT  LEVELS 
IN  FIELD  PLOTS 


BLOCK 

NUMBER 

DEPTH 

(in) 

SAMPLE 

NUMBER 

LAB 

SAMPLE 

NUMBER 

TOTAL 

N03-N 

(mg/ 

kg) 

EXTR. 

K 

(mg/ 

kg) 

BRAY 

P 

(mg/ 

kg) 

AVAIL . 
B 

(mg/ 

kg) 

1 

0 

to 

6 

33R1 

57 

42.0 

137 

11.6 

0.5 

1 

6 

to 

18 

33R1A 

58 

8.0 

244 

27.2 

- 

N 

1 

18 

to 

48 

33R1B 

59 

6.2 

646 

23.2 

- 

N 

2 

0 

to 

6 

33R2 

60 

23.6 

176 

13.2 

0.4 

2 

6 

to 

18 

33R2A 

61 

16.4 

568 

22.0 

- 

N 

2 

18 

to 

48 

33R2B 

62 

8.0 

1700 

20.4 

- 

N 

3 

0 

to 

6 

33R3 

63 

27.0 

240 

14.8 

- 

N 

3 

6 

to 

18 

33R3A 

64 

31.0 

642 

22.4 

- 

N 

3 

18 

to 

48 

33R3B 

65 

5.8 

1160 

11.8 

- 

N 

4 

0 

to 

6 

33R4 

66 

14.8 

155 

14.8 

0.5 

4 

6 

to 

18 

33R4A 

67 

16.8 

1020 

21.0 

- 

N 

4 

18 

to 

48 

33R4B 

68 

10.9 

2830 

23.0 

- 

N 

B - below  the  instrument  detection  limit  (IDL),  value  reported  is  the  IDL. 
N - not  sufficient  sample  to  perform  analysis. 
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Table  C-17.  Soil  nutrient  levels  in  Silver  Bow  Creek  / STARS  topsoil  samples. 


SILVER  BOV  CREEK  / STARS 
SOIL  NUTRIENT  LEVELS 
IN  FIELD  PLOTS 


BLOCK 

NUMBER 

DEPTH 

(in) 

SAMPLE 

NUMBER 

LAB 

SAMPLE 

NUMBER 

TOTAL 

N03-N 

(mg/ 

kg) 

EXTR. 

K 

(mg/ 

kg) 

BRAY 

P 

(mg/ 

kg) 

AVAIL . 
B 

(mg/ 

kg) 

0 

0 to 

0 

TS1 

1 

1.0 

B 

706 

3.7 

N 

0 

0 to 

0 

TS2 

2 

1.0 

B 

710 

3.5 

- 

N 

0 

0 to 

0 

TS3 

3 

1.0 

B 

722 

3.3 

- 

N 

0 

0 to 

0 

TS4 

4 

1.2 

890 

5.6 

0.4 

0 

0 to 

0 

TS5 

6 

1.0 

B 

592 

4.0 

0.2 

B - below  the 

instrument 

detection 

. limit 

(IDL), 

value 

reported 

is  the  IDL. 

N - not  sufficient  sample  to  perform  analysis. 
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Table  C-18.  Soil  pH,  EC,  and  particle  size  distribution  of  Silver  Bow 
Creek  / STARS  Phase  II  field  plots  at  site  2. 


SILVER  BOW  CREEK  / STARS 
PHASE  II  FIELD  PLOT  DATA 
pH,  EC,  AND  TEXTURE 


SAMPLE 

NUMBER 

PLOT 

NUMBER 

DEPTH 

(in) 

PASTE 

PH 

PASTE 

EC 

(mmhos/ 

cm) 

SAND 

(Z) 

SILT 

(Z) 

CLAY 

(Z) 

**  SITE 
2-1 

NUMBER 

1 

2 (Manganese  : 
0.0  to  6.0 

stockpile,  type 
2.87  5.38 

T) 

28 

58 

14 

2-2 

2 

0.0 

to 

6.0 

2.68 

15.90 

34 

51 

15 

2-3 

3 

0.0 

to 

6.0 

2.49 

8.42 

67 

33 

11 

2-3A 

3 

6.0 

to 

18.0 

3.10 

8.03 

20 

71 

9 

2-3B 

3 

18.0 

to 

48.0 

5.65 

12.37 

3 

70 

27 

2-4 

4 

0.0 

to 

6.0 

2.67 

6.32 

42 

48 

10 

2-5 

5 

0.0 

to 

6.0 

2.45 

8.82 

50 

40 

10 

2-6 

6 

0.0 

to 

6.0 

2.80 

7.77 

60 

32 

8 

2-6A 

6 

6.0 

to 

18.0 

2.55 

8.16 

53 

37 

10 

2-7 

7 

0.0 

to 

6.0 

3.01 

5.80 

46 

45 

9 

2-8 

8 

0.0 

to 

6.0 

2.61 

15.40 

38 

53 

9 

2-8A 

8 

6.0 

to 

18.0 

3.29 

18.80 

30 

58 

12 

2-8B 

8 

18.0 

to 

48.0 

5.20 

15.60 

21 

58 

21 

2-9 

9 

0.0 

to 

6.0 

2.69 

15.60 

33 

52 

15 

2-11 

11 

0.0 

to 

6.0 

3.33 

25.20 

34 

51 

15 

2-12 

12 

0.0 

to 

6.0 

2.83 

16.20 

21 

64 

15 

2-12A 

12 

6.0 

to 

18.0 

3.39 

17.20 

23 

63 

14 

2-13 

13 

0.0 

to 

6.0 

2.70 

10.09 

29 

57 

14 

2-13A 

13 

6.0 

to 

18.0 

3.01 

10.02 

18 

71 

11 

2-13B 

13 

18.0 

to 

48.0 

4.07 

6.68 

41 

44 

15 

2-14 

14 

0.0 

to 

6.0 

3.53 

3.77 

58 

32 

10 

2-15 

15 

0.0 

to 

6.0 

3.72 

5.16 

48 

42 

10 

2-16 

16 

0.0 

to 

6.0 

2.98 

14.40 

29 

56 

15 

2-16 

16 

0.0 

to 

6.0 

2.98 

14.40 

26 

64 

10 

2-16A 

16 

6.0 

to 

18.0 

4.32 

7.51 

17 

69 

14 

2-17 

17 

0.0 

to 

6.0 

3.49 

6.51 

30 

58 

12 

2-18 

18 

0.0 

to 

6.0 

3.65 

5.14 

56 

35 

9 

2-19 

19 

0.0 

to 

- 6.0 

4.17 

13.10 

22 

69 

9 

2-19 

19 

0.0 

to 

6.0 

3.72 

10.78 

56 

36 

8 

2-21 

21 

0.0 

to 

6.0 

2.84 

21.80 

36 

53 

11 

2-22 

22 

0.0 

to 

6.0 

3.60 

15.00 

73 

23 

4 

2-23 

23 

0.0 

to 

6.0 

2.59 

20.00 

36 

50 

14 

2-23A 

23 

6.0 

to 

18.0 

2.48 

16.20 

11 

71 

18 

2-23B 

23 

18.0 

to 

48.0 

5.24 

8.34 

38 

48 

14 

2-24 

24 

0.0 

to 

6.0 

3.10 

16.10 

22 

63 

15 

2-24A 

24 

6.0 

to 

18.0 

3.11 

14.80 

15 

68 

17 

C-69 


Table  C-19.  Soil  pH,  EC,  and  particle  size  distribution  of  Silver  Bow 
Creek  / STARS  Phase  II  field  plots  at  site  7. 


SILVER  BOV  CREEK  / STARS 
PHASE  II  FIELD  PLOT  DATA 
pH,  EC,  AND  TEXTURE 


SAMPLE 

NUMBER 

PLOT 

NUMBER 

DEPTH 

(in) 

PASTE 

PH 

PASTE 

EC 

(mmhos / 
cm) 

SAND 

(Z) 

SILT 

(Z) 

CLAY 

(Z) 

**  SITE 
7-1 

NUMBER 

1 

7 (Type  : 
0.0  to 

2 waste) 

6.0  3.80 

4.39 

86 

9 

5 

7-2 

2 

0.0 

to 

6.0 

3.71 

0.39 

92 

5 

3 

7-3 

3 

0.0 

to 

6.0 

3.77 

0.67 

89 

8 

3 

7-3A 

3 

6.0 

to 

18.0 

3.72 

0.68 

96 

5 

1 

7-4 

4 

0.0 

to 

6.0 

3.88 

0.52 

92 

8 

1 

7-5 

5 

0.0 

to 

6.0 

3.46 

4.00 

86 

11 

3 

7-5B 

5 

0.0 

to 

6.0 

3.50 

1.83 

92 

5 

3 

7-5A 

5 

6.0 

to 

18.0 

3.74 

1.06 

92 

7 

1 

7-6 

6 

18.0 

to 

48.0 

3.50 

0.52 

92 

5 

3 

7-7 

7 

0.0 

to 

6.0 

3.89 

0.91 

89 

8 

3 

7-8 

8 

0.0 

to 

6.0 

3.44 

0.96 

92 

7 

1 

7-8A 

8 

6.0 

to 

18.0 

3.55 

0.80 

94 

5 

1 

7-8B 

8 

18.0 

to 

48.0 

3.88 

0.96 

97 

2 

1 

7-9 

9 

0.0 

to 

6.0 

3.71 

1.67 

81 

14 

5 

7-9A 

9 

6.0 

to 

18.0 

3.46 

0.93 

73 

19 

8 

7-10 

10 

0.0 

to 

6.0 

3.57 

2.65 

81 

14 

5 

7-11 

11 

0.0 

to 

6.0 

3.66 

0.43 

87 

11 

2 

7-12 

12 

0.0 

to 

6.0 

3.70 

0.21 

92 

3 

5 

7-13 

13 

0.0 

to 

6.0 

4.03 

5.20 

79 

13 

8 

7-14 

14 

0.0 

to 

6.0 

4.08 

0.34 

90 

5 

5 

7-14A 

14 

6.0 

to 

18.0 

4.26 

0.83 

80 

16 

4 

7-15 

15 

0.0 

to 

6.0 

4.00 

0.13 

90 

7 

3 

7-16 

16 

0.0 

to 

6.0 

4.16 

0.11 

90 

7 

3 

7-17 

17 

0.0 

to 

6.0 

4.12 

0.13 

92 

6 

2 

7-18 

18 

0.0 

to 

6.0 

4.00 

0.17 

87 

9 

4 

7-18A 

18 

6.0 

to 

18.0 

3.78 

1.16 

90 

7 

3 

7-18B 

18 

18.0 

to 

48.0 

6.67 

3.37 

78 

14 

8 

7-19 

19 

0.0 

to 

6.0 

3.39 

10.06 

77 

20 

3 

7-20 

20 

0.0 

to 

6.0 

3.04 

0.48 

87 

10 

3 

7-20A 

20 

6.0 

to 

18.0 

3.01 

0.63 

87 

10 

3 

7-21 

21 

0.0 

to 

6.0 

3.38 

0.08 

87 

10 

3 

7-22 

22 

0.0 

to 

6.0 

4.82 

0.20 

89 

8 

3 

7-22A 

22 

6.0 

to 

18.0 

3.20 

0.29 

87 

10 

3 

7-22B 

22 

18.0 

to 

48.0 

2.75 

0.75 

95 

4 

1 

7-23 

23 

0.0 

to 

6.0 

3.33 

0.08 

92 

5 

3 

7-24 

24 

0.0 

to 

6.0 

3.48 

0.20 

82 

13 

5 

C-70 


Table  C-20.  Soil  pH,  EC,  and  particle  size  distribution  of  Silver  Bow 
Creek  / STARS  Phase  II  field  plots  at  site  21. 


SILVER  BOV  CREEK  / STARS 
PHASE  II  FIELD  PLOT  DATA 
pH,  EC,  AND  TEXTURE 


SAMPLE 

NUMBER 

PLOT 

NUMBER 

DEPTH 

(in) 

PASTE 

PH 

PASTE 

EC 

(mmhos/ 

cm) 

SAND 

(Z) 

SILT 

(Z) 

CLAY 

(Z) 

**  SITE 
21-1 

NUMBER  21  (Ramsay  Flats,  waste  type 
1 0.0  to  6.0  4.11  16.90 

3) 

29 

51 

20 

21-2 

2 

0.0 

to 

6.0 

3.93 

13.60 

36 

49 

15 

21-2A 

2 

6.0 

to 

18.0 

5.73 

4.31 

46 

46 

8 

21-2A 

2 

6.0 

to 

18.0 

5.73 

4.31 

36 

56 

9 

21-3 

3 

0.0 

to 

6.0 

3.86 

9.46 

36 

46 

18 

21-4 

4 

0.0 

to 

6.0 

4.10 

9.50 

38 

41 

21 

21-4A 

4 

6.0 

to 

18.0 

6.25 

3.86 

35 

52 

12 

21-4B 

4 

18.0 

to 

48.0 

7.45 

2.80 

20 

53 

27 

21-5 

5 

0.0 

to 

6.0 

4.25 

11.95 

21 

55 

24 

21-6 

6 

0.0 

to 

6.0 

3.59 

14.90 

22 

54 

24 

21-7 

7 

0.0 

to 

6.0 

3.61 

12.46 

36 

46 

18 

21-7A 

7 

6.0 

to 

18.0 

3.94 

5.32 

23 

63 

14 

21-8 

8 

0.0 

to 

6.0 

3.63 

10.63 

20 

61 

19 

21-9 

9 

0.0 

to 

6.0 

3.66 

15.50 

24 

52 

24 

21-10 

10 

0.0 

to 

6.0 

3.62 

14.80 

21 

52 

27 

21-11 

11 

0.0 

to 

6.0 

3.62 

15.00 

22 

59 

19 

21-11A 

11 

6.0 

to 

18.0 

5.35 

8.54 

11 

70 

19 

21-11B 

11 

18.0 

to 

48.0 

7.36 

4.26 

19 

55 

24 

21-12 

12 

0.0 

to 

6.0 

3.83 

17.00 

29 

53 

18 

21-13 

13 

0.0 

to 

6.0 

3.95 

13.40 

28 

50 

22 

21-14 

14 

0.0 

to 

6.0 

3.66 

19.20 

20 

56 

24 

21-14A 

14 

6.0 

to 

18.0 

4.89 

8.86 

3 

75 

22 

21-14B 

14 

18.0 

to 

48.0 

8.05 

6.99 

10 

63 

27 

21-15 

15 

0.0 

to 

6.0 

3.69 

15.80 

17 

65 

18 

21-16 

16 

0.0 

to 

6.0 

3.59 

16.20 

18 

64 

18 

21-17 

17 

0.0 

to 

6.0 

3.40 

14.70 

26 

59 

15 

21-17A 

17 

6.0 

to 

18.0 

5.82 

5.33 

18' 

70 

12 

21-18 

18 

0.0 

to 

6.0 

3.61 

14.80 

34 

49 

17 

21-19 

19 

0.0 

to 

6.0 

3.72 

18.30 

23 

54 

23 

21-20 

20 

0.0 

to 

6.0 

3.66 

21.80 

20 

62 

18 

21-21 

21 

0.0 

to 

6.0 

3.47 

15.90 

27 

58 

15 

21-21A 

21 

6.0 

to 

18.0 

5.28 

7.76 

18 

72 

10 

21-22 

22 

0.0 

to 

6.0 

3.62 

14.20 

32 

53 

15 

21-23 

23 

0.0 

to 

6.0 

3.36 

10.45 

36 

49 

15 

21-24 

24 

0.0 

to 

6.0 

3.37 

9.07 

44 

41 

15 

21-24A 

24 

6.0 

to 

18.0 

4.79 

4.36 

40 

50 

10 

21-24B 

24 

18.0 

to 

48.0 

6.95 

3.39 

42 

48 

10 

C-71 


Table  C-21.  Soil  pH,  EC,  and  particle  size  distribution  of  Silver  Bov 
Creek  / STARS  Phase  II  field  plots  at  site  27. 


SILVER  BOV  CREEK  / STARS 
PHASE  II  FIELD  PLOT  DATA 
pH,  EC,  AND  TEXTURE 


SAMPLE 

NUMBER 

PLOT 

NUMBER 

DEPTH 

(in) 

PASTE 

PH 

PASTE 

EC 

(mmhos/ 

cm) 

SAND 

(Z) 

SILT 

(Z) 

CLAY 

(Z) 

**  SITE 

NUMBER  : 

27  (Agricultural  flooded  soil. 

type 

F) 

27-1 

1 

0.0 

to 

6.0 

4.51 

2.54 

29 

51 

20 

27-2 

2 

0.0 

to 

6.0 

4.15 

2.82 

25 

56 

19 

27-3 

3 

0.0 

to 

6.0 

4.22 

4.77 

31 

50 

19 

27-3A 

3 

6.0 

to 

18.0 

5.63 

3.92 

50 

38 

12 

27-3B 

3 

18.0 

to 

48.0 

6.48 

1.73 

71 

25 

4 

27-4 

4 

0.0 

to 

6.0 

3.76 

2.09 

44 

42 

14 

27-5 

5 

0.0 

to 

6.0 

3.81 

0.92 

69 

21 

10 

27-5A 

5 

6.0 

to 

18.0 

4.20 

1.65 

80 

15 

5 

27-6 

6 

0.0 

to 

6.0 

3.82 

3.10 

18 

55 

27 

27-7 

7 

0.0 

to 

6.0 

4.10 

1.76 

33 

49 

18 

27-8 

8 

0.0 

to 

6.0 

3.99 

4.92 

27 

53 

20 

27-8A 

8 

6.0 

to 

18.0 

4.76 

1.09 

69 

26 

5 

27-8B 

8 

18.0 

to 

48.0 

6.14 

6.15 

72 

24 

4 

27-9 

9 

0.0 

to 

6.0 

4.20 

4.33 

33 

47 

20 

27-10 

10 

0.0 

to 

6.0 

3.93 

4.57 

33 

43 

24 

27-11 

11 

0.0 

to 

6.0 

3.92 

3.36 

20 

58 

22 

27-11A 

11 

6.0 

to 

18.0 

3.84 

0.98 

62 

28 

10 

27-12 

12 

0.0 

to 

6.0 

3.90 

4.57 

28 

50 

22 

27-13 

13 

0.0 

to 

6.0 

3.87 

3.59 

35 

51 

14 

27-14 

14 

0.0 

to 

6.0 

3.74 

3.58 

24 

52 

14 

27-15 

15 

0.0 

to 

6.0 

3.65 

3.81 

20 

63 

17 

27-15A 

15 

6.0 

to 

18.0 

4.12 

1.06 

39 

44 

17 

27-15B 

15 

18.0 

to 

48.0 

4.44 

0.85 

77 

10 

13 

27-16 

16 

0.0 

to 

6.0 

3.32 

1.81 

34 

50 

16 

27-16A 

16 

6.0 

to 

18.0 

4.57 

2.01 

65 

22 

13 

27-17 

17 

0.0 

to 

6.0 

3.71 

1.11 

31 

52 

17 

27-18 

18 

0.0 

to 

6.0 

3.95 

1.82 

18 

66 

16 

27-19 

19 

0.0 

to 

6.0 

3.58 

5.78 

38 

48 

14 

27-20 

20 

0.0 

to 

6.0 

3.78 

4.87 

34 

55 

11 

27-21 

21 

0.0 

to 

6.0 

3.80 

4.54 

24 

59 

17 

27-22 

22 

0.0 

to 

6.0 

3.99 

2.87 

42 

46 

12 

27-22A 

22 

6.0 

to 

18.0 

6.33 

4.48 

69 

21 

10 

27-23 

23 

0.0 

to 

6.0 

4.05 

2.12 

54 

32 

14 

27-23A 

23 

6.0 

to 

18.0 

6.95 

10.63 

49 

30 

11 

27-23B 

23 

18.0 

to 

48.0 

5.59 

1.11 

76 

14 

10 

27-24 

24 

0.0 

to 

6.0 

4.06 

3.71 

22 

59 

19 

C-72 


Table  C- 22.  Soil  pH,  EC,  and  particle  size  distribution  of  Silver  Bow 
Creek  / STARS  Phase  II  field  plots  at  site  33. 


SILVER  BOV  CREEK  / STARS 
PHASE  II  FIELD  PLOT  DATA 
pH,  EC,  AND  TEXTURE 


SAMPLE 

NUMBER 

PLOT 

NUMBER 

DEPTH 

(in) 

PASTE 

pH 

PASTE 

EC 

(mmhos/ 

cm) 

SAND 

(Z) 

SILT 

(Z) 

CLAY 

(Z) 

**  SITE 
33-1 

NUMBER  : 
1 

33  (Type  : 
0.0  to 

l waste) 

6.0  3.10 

5.22 

74 

18 

8 

33-1-A 

1 

6.0 

to 

18.0 

6.87 

3.35 

58 

38 

4 

33-1-B 

1 

18.0 

to 

48.0 

6.95 

3.38 

67 

30 

3 

33-2 

2 

0.0 

to 

6.0 

3.15 

5.08 

76 

16 

8 

33-2A 

2 

6.0 

to 

18.0 

3.42 

4.09 

43 

44 

13 

33-3 

3 

0.0 

to 

6.0 

3.31 

7.01 

60 

30 

10 

33-4 

4 

0.0 

to 

6.0 

3.15 

7.38 

68 

24 

8 

33-5 

5 

0.0 

to 

6.0 

3.92 

12.82 

62 

30 

8 

33-6 

6 

0.0 

to 

6.0 

3.78 

11.48 

67 

25 

8 

33-7 

7 

0.0 

to 

6.0 

3.61 

10.22 

65 

27 

8 

33-8 

8 

0.0 

to 

6.0 

7.45 

2.97 

34 

44 

28 

33-8A 

8 

6.0 

to 

18.0 

7.43 

4.43 

52 

43 

5 

33-9 

9 

0.0 

to 

6.0 

3.33 

4.91 

76 

19 

5 

33-10 

10 

0.0 

to 

6.0 

3.76 

5.68 

76 

22 

2 

33-10A 

10 

6.0 

to 

18.0 

7.21 

3.95 

41 

52 

7 

33-10B 

10 

18.0 

to 

48.0 

7.90 

2.35 

43 

44 

13 

33-11 

11 

0.0 

to 

6.0 

3.62 

8.06 

68 

22 

10 

33-12 

12 

0.0 

to 

6.0 

3.64 

7.61 

64 

26 

10 

33-13 

13 

0.0 

to 

6.0 

3.52 

6.11 

68 

22 

10 

33-13A 

13 

6.0 

to 

18.0 

7.03 

3.73 

52 

40 

8 

33-13B 

13 

18.0 

to 

48.0 

7.52 

1.94 

32 

62 

6 

33-14 

14 

0.0 

to 

6.0 

4.23 

7.50 

68 

27 

5 

33-15 

15 

0.0 

to 

6.0 

3.80 

9.56 

60 

27 

13 

33-16 

16 

0.0 

to 

6.0 

3.87 

10.32 

50 

37 

13 

33-17 

17 

0.0 

to 

6.0 

3.75 

11.44 

48 

39 

13 

33-17A 

17 

6.0 

to 

18.0 

6.14 

10.38 

25 

57 

18 

33-18 

18 

0.0 

to 

6.0 

3.37 

12.38 

51 

34 

15 

33-19 

19 

0.0 

to 

6.0 

3.41 

5.16 

62 

28 

10 

33-20 

20 

0.0 

to 

6.0 

3.50 

7.03 

56 

31 

13 

33-21 

21 

0.0 

to 

6.0 

3.46 

11.53 

57 

33 

10 

33-22 

22 

0.0 

to 

6.0 

3.46 

13.85 

53 

34 

13 

33-22A 

22 

6.0 

to 

18.0 

7.86 

6.86 

33 

53 

14 

33-23 

23 

0.0 

to 

6.0 

3.38 

8.00 

45 

40 

15 

33-23A 

23 

6.0 

to 

18.0 

4.73 

3.93 

43 

43 

14 

33-23B 

23 

18.0 

to 

48.0 

8.21 

3.42 

16 

61 

23 

33-24 

24 

0.0 

to 

6.0 

3.75 

12.25 

30 

51 

19 

C-73 
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APPENDIX  D 


APPENDIX  D 


ACID  PRODUCTION  BY  SULFIDE 
MINE  WASTE 

AND  DETERMINATION  OF  LIME  REQUIREMENT 
FOR  ACID  NEUTRALIZATION 


D.l  INTRODUCTION 


Mine  waste  materials  are  known  to  be  a frequent  cause  of  water  quality 
degradation.  This  is  due  to  the  formation  of  acid  by  reaction  of  mineral  constituents 
commonly  found  in  sulfidic  mining  waste.  Acidity  can  be  attributed  to  a number  of  sources 
including  "active  acidity",  and  "potential  acidity".  Active  acidity  is  the  soluble  and  weakly 
adsorbed  hydrogen  and  aluminum  ions  held  on  soil  clays.  Potential  acidity  refers  to  the 
quantity  of  acid  that  may  be  produced  by  the  future  reaction  of  1)  oxidation  of  sulfide 
materials,  and  2)  hydrolysis  of  ferrous  iron  liberated  by  reaction  of  certain  sulfate  minerals. 
Addition  of  lime  to  neutralize  acid  and  to  control  subsequent  acid  formation  in  mining 
waste  must  counteract  all  forms  of  acidity.  Methods  for  determining  the  requisite  lime 
rates  based  on  the  sulfur  chemistry  of  mine  waste  is  described  in  the  following  sections. 

The  purpose  of  this  Appendix  is  to  discuss  the  mechanisms  of  acid  production  in 
sulfidic  mine  wastes,  and  to  develop  an  equation  for  detennining  the  quantity  of  lime 
needed  to  neutralize  acidity. 


D.2  ACTIVE  ACIDITY 

Active  acidity  is  affected  both  by  the  pH  of  the  soil  solution  as  well  as  by  the 
buffering  capacity  of  the  system.  Materials  with  an  abundance  of  clay  minerals  or  clay- 
sized oxide  minerals  normally  have  higher  buffering  capacities  than  do  sandy  materials. 
The  Shoemaker,  McLean  and  Pratt  (SMP)  buffer  method  is  often  cited  as  a standard 
technique  for  measuring  the  lime  required  to  neutralize  active  acidity  (McLean  1982).  To 
conduct  the  SMP  test,  a pH  7.5  CaCI ^ buffer  solution  is  added  to  an  acid  soil  and  the 
resultant  pH  of  the  suspension  ('"buffer  pH")  is  recorded.  Field  studies  were  conducted 
on  soils  with  known  buffer  pH  levels.  The  quantity  of  lime  needed  to  raise  the  pH  of 
field  soils  studied  to  a specific  target  level  (usually  pH  = 7.0)  was  determined.  An 
equation  was  developed  to  predict  field  lime  rate  from  the  buffer  pH  value  (McLean 
1982). 


Lime  Required  (tons/1000  tons)  = 113.6  - 16.38(buffer  pH) 
R2= 0.998  N=21 


D 3 SULFIDE  OXIDATION 

Of  greater  concern  than  active  acidity  is  the  potential  acidity  associated  with  the 
oxidation  and  hydrolysis  of  sulfides,  primarily  pyrite,  and  its  associated  sulfate  weathering 
products.  The  stoichiometry  and  acid-producing  potential  of  these  minerals  will  be 
discussed  in  detail. 
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When  pyrite  (FeS2),  commonly  found  in  mine  waste,  is  exposed  to  weathering 
conditions  (oxidation  and  hydrolysis),  the  following  initial  chemical  reactions  take  place 
(Van  Breeman  1973): 

FeS2(s)  4-  7/2  02  4-  H20  = Fe2+  + 2 S042  + 2 H+  [1] 

FeS2(s)  4-  15/4  02  4-  1/2  H20  = Fe3+  4-  2 S042'  4-  H+  [2] 


The  relative  importance  of  reaction  [1]  and  [2]  depends  on  the  pH  of  the  soil 
solution.  Most  workers  recognize  that  the  ferrous  iron  reaction  pathway  [1]  is  dominant 
in  acid  soils  (Caruccio  and  Geidel  1978).  In  reaction  [1]  pyrite  is  oxidized  to  liberate  sulfate 
and  ferrous  iron.  Ferrous  iron  may  oxidize  in  turn  to  form  ferric  iron  [3]  especially  in  the 
presence  of  certain  iron-oxidizing  bacteria  ( Thiobaccillus  ferrooxidans)  commonly  found  in 
aqueous  systems  with  pH  levels  of  2.8  to  3.2  (Caruccio  and  Geidel  1978).  In  reaction  [2], 
pyrite  yields  sulfate  and  ferric  iron.  At  pH  levels  above  3.0  to  3.5  (moderately  oxidizing 
environment),  ferric  iron  will  hydrolyze  (react  with  water)  to  form  ferric  hydroxide  [4].  The 
complete  oxidation  and  hydrolysis  of  pyrite  by  either  the  ferrous  iron  pathway  (equations 
[1],  [3]  and  [4])  or  the  ferric  iron  pathway  (equation  [2]  and  [4])  is  shown  in  [5]. 

Fe2+  + l/402  + H+  = Fe3+  4-  1/2H20  [3] 

Fe3+  4-  3H20  = Fe(OH)3(s)  4-  3H+  [4] 

FeS2(s)  4-  15/402  + 7/2HzO  = 2S042’  4-  4H+  4-  Fe(OH)3(s)  [5] 

Under  environmental  conditions  favoring  the  complete  oxidation  and  hydrolysis  of 
pyrite  [5],  1 mole  of  FeS2  (2  moles  of  pyritic  sulfur)  yields  4 moles  of  acidity  (H+).  This 
reaction  is  the  basis  for  the  derivation  of  the  lime  requirement  for  a waste  material  with 
a known  amount  of  pyrite. 

If  mine  waste  materials  have  a pH  less  than  3,  the  potential  exists  for  acid  to  be 
produced  at  a greatly  acclerated  rate  compared  to  that  presented  in  reaction  [5].  Iron- 
oxidizing  bacteria  tend  to  accelerate  reaction  [3]  under  very  acid  conditions  thus  increasing 
the  activity  of  Fe3+  causing  an  "auto-catalytic"  pyrite  oxidation  response  [6].  Below  a pH 
of 


FeS2(s)  4-  14Fe3+  + 8H20  = 15Fe2+  4-  2S042  + 16H+  [6] 

3,  ferric  iron  serves  to  oxidize  pyrite.  Hence,  under  low  pH  conditions,  1 mole  of  FeS2  will 
form  up  to  16  moles  of  acidity.  However,  1 mole  of  H+  is  used  to  regenerate  Fe3+  by 
reation  [3].  Hence,  the  14  moles  of  H+  in  reaction  [6]  is  a result  of  utilizing  14  moles  of 
H+  in  reaction  [3].  Consequently,  the  net  gain  of  acidity  from  a mole  of  pyrite  is  reaction 
[6]  is  2 moles  of  H+.  Investigators  have  shown  reaction  [6]  can  proceed  60  to  3000  times 
more  rapidly  compared  to  reaction  [5]  (Smith  and  Shumate  1970,  Stumm  and  Morgan 
1970).  Under  conditions  favoring  reaction  [6],  the  rate  of  acid  production  may  exceed  the 
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rate  of  neutralizing  amendment  going  into  solution,  resulting  in  pH  decrease.  Fortunately, 
the  pH  of  untreated  Silver  Bow  Creek  waste  is  normally  3.5  or  above.  The  addition  of 
lime  to  the  tailings  should  therefore  maintain  pH  levels  well  above  the  threshold  at  which 
equation  [6]  becomes  important.  The  prevention  of  acid  production  by  the  "auto-catalytic 
pathway  is  a critical  feature  of  acid  control  by  application  of  lime.  Other  tailings 
amendments  (phosphorus)  may  also  preclude  auto-catalytic  oxidation  by  complexing  iron. 

Frequently,  the  oxidation  of  pyrite  in  mine  waste  to  form  acid  may  be  incomplete. 
The  reactivity  of  pyrite  is  influenced  by  1)  surface  area  (a  function  of  crystal  size  and 
morphology),  soil  solution  chemistry  (pH,  redox,  Fe2+,  Fe3+  concentration),  presence  of 
sulfur-  and  iron-oxidizing  bacteria,  and  frequency  of  flushing  have  all  been  shown  to  affect 
the  rate  of  reaction  [5].  The  lime  rate  determined  for  mine  wastes  makes  no  attempt  to 
account  for  incomplete  reaction  of  pyrite,  but  is  instead  based  on  a 'Svorst-case"  scenario 
where  all  pyrite  racts  to  form  acidity. 


D.4  SULFATE  WEATHERING 

Under  certain  conditions,  reaction  [5]  may  not  immediately  proceed  to  completion 
to  form  Fe(OH)3.  Frequently,  sulfate  minerals  containing  ferrous  iron  can  form  as 
intermediate  products  especially  under  acid  conditions.  Although  no  mineralogical  analyses 
were  performed  on  Silver  Bow  Creek  mine  wastes,  based  on  field  observation  and 
laboratory  results,  ferrous-sulfate  minerals  (primarily  jarosite)  were  believed  to  exist.  Since 
jarosite  has  the  potential  to  form  acid  upon  weathering  (especially  in  neutral  to  alkaline 
systems),  this  component  needs  to  be  considered  in  calculating  lime  rates.  Background 
information  follows  on  jarosite  formation  and  acid  production. 

D.4. 1 Common  Sulfate  Minerals 

A number  of  sulfate  minerals  can  occur  in  soil  and  waste  materials.  The  most 
common  sulfate  mineral,  gypsum  (CaS04.H20),  is  not  acid-forming.  Depending  on  pH, 
degree  of  oxidation,  moisture  content  and  solution  composition,  the  dissolved  iron  and 
S042'  ions  reach  various  stages  of  equilibrium,  and  a series  of  very  soluble,  hydrated  iron 
sulfates  precipitate  (Nordstrom  1982).  In  order  of  formation  and  decreasing  hydration, 
these  are: 

a)  melanterite  (FeS04.7H20) 

b)  rozenite  (FeS04.4H20) 

c)  szomolnoklite  (FeSG4) 

In  addition,  ferrohexahydrite  (FeS04.6H20)  may  form  but  is  very  rare  and  highly 
unstable.  Siderotil  (FeS04.5H20)  requires  copper  in  its  structure  to  be  stable. 

If  these  minerals  remain  in  contact  with  soil  moisture  or  warm,  humid  air,  they  will 
break  down  to  form  copiapite  (Fe2+Fe3+(S04)6(0H)2.20  H20)  which  can  remain  stable 
for  long  periods  of  time  if  protected  from  rain  or  running  water.  Nordstrom  (1982)  states 
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that  from  his  personal  experience,  copiapite  is  one  of  the  most  common  minerals  found 
on  sulfide  mine  tailings.  It  is  typically  very  yellow,  and  may  be  difficult  to  discern  from 
pure  sulfur. 

Nuhfer  (1967)  concluded  that  melanterite,  rozenite,  szomonklite  and  copiapite  are  the 
most  abundant  efflorescences  associated  with  oxdized  coal  deposits  and  due  to  their  high 
solubility,  may  at  least  be  partially  responsible  for  increased  acidity  in  receiving  streams 
during  rainfall  and  flooding  (Nordstrom  and  Dagenhart  1978). 

Despite  the  frequent  occurrence  of  these  sulfates,  they  are  unstable  and  are  thus 
rarely  present  for  any  appreciable  length  of  time.  Continued  weathering  and  oxidation  of 
iron  in  acid  waters  soon  results  in  the  destruction  of  these  minerals  and  the  formation  of 
a much  more  stable  compound,  jarosite. 


D.4.2  Occurrence  of  Jarosite 

Jarosite  (KFe3(S04)2(0H)6)  is  a common  product  of  pyrite  oxidation  and  can  form 
in  a matter  of  weeks  or  months  upon  exposure  of  pyrite  to  weathering  (Bloomfield  and 
Coulter  1973).  It  is  found  in  soils  developing  in  sulfide-rich  tidal  flats  and  marine  delta 
environments  (Van  Breemen  1972)  as  well  as  in  pyrite  bearing  siltstones,  mudstones,  and 
glauconitic  sandstones  (Briggs  1938).  It  is  also  common  on  sulfide  mine  tailings  (Nordstrom 
1982). 


In  soils,  jarosite  occurs  as  a conspicuous  pale  yellow  earthy  material  in  old  root 
channels,  pores  and  on  ped  faces  (Bloomfield  and  Coulter  1973).  Individual  particles  are 
often  smaller  than  1 micrometer  and  their  diameter  rarely  exceeds  5 micrometers 
(Andriesse  et  al  1972,  Buurman  and  Van  Breeman  1972).  Jarosite  is  often  found 
associated  with  illite  and  kaolinite  (Warshaw  1956). 

A jarosite  horizon  is  typically  formed  overlying  a pyrite-  rich  sulfidic  horizon  and 
undergoes  a temporal  increase  in  depth,  with  the  accompanying  development  of  an 
overlying  iron  oxide  horizon  (Van  Breeman  and  Harmsen  1975). 

D.43  Jarosite  Mineralogy 

Furbish  (1963)  reported  the  occurrence  of  jarosite  as  a pyrite  pseudomorph,  indicating 
direct  alteration  of  pyrite  to  jarosite.  Jarosite  can  also  precipitate  directly  from  solution 
at  low  pH  values  (pH  < 4.0)  if  [S042],  [K+]  and  [Fe2+]  are  adequate  (Van  Breeman 
1972).  Ivarson  (1973)  concluded  that  the  bacteria  Thiobacillus  ferrooxidans  can  also  play 
a role  in  the  formation  of  jarosite. 


The  general  formula  for  jarosite  can  be  written  as  follows: 
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AB3(S04)2(0H)6 

where: 


A = K+,  Na+,  Pb2+,  NH4+,  H30+ 

B = Fe3+,  Al3+  (alunite) 

In  soils,  the  most  important  members  of  the  jarosite  group  are  jarosite 
(KFe3(S04)2(0H)6),  natrojarosite  (NaFe3(S04)(0H)6),  and  hydronium  jarosite 
((H30)Fe3(S04)2(0H)6)  (Van  Breemen  1972).  As  a result  of  K-Na-H30  substitution  in 
the  univalent  A site,  a continuous  solid  solution  series  exists.  However,  there  is  a strong 
preference  for  K+  over  Na+  and  H30+  in  the  mineral  structure  (Sheridan  and  Brophy 
1965,  Kubis  1974).  Even  at  [Na+]  greater  than  that  of  seawater  (.48M),  99%  of  the 
univalent  positions  are  filled  by  K+  (Van  Breeman  1972).  Only  after  K+  is  almost  totally 
depleted  will  Na+  be  incorporated  into  the  univalent  site.  The  occurrence  of  hydromium 
jarosite  is  very  rare  and  persists  only  under  low  alkali  conditions  (Brophy  and  Sheridan 
1965). 

Aluminum  (Al3+)  can  substitute  for  Fe3+  in  the  trivalent  B site,  forming  the  mineral 
alunite  (KA13(S04)2(0H)6).  A complete  jarosite-alunite  solid  solution  series  exists  (Brophy 
et  al  1962).  However,  the  reaction  [7] 

2 jarosite  + 3 kaolinite  = 2 alunite  + 3 limonitic  Fe203  + 

6Si02  (amorph)  + 6 HzO  [7] 

which  contains  compounds  typically  found  in  an  acid  sulfate  system,  has  a Gibbs  free 
energy  of  formation  value  of  +4.7  Kcal,  implying  that  the  jarosite  + kaolinite  assemblage 
is  more  stable  through  time  than  the  alunite  + limonitic  Fe203  + amorphous  silica 
assemblage  (Van  Breeman  1972).  Experiments  on  the  formation  of  alunite-jarosite  in  K+, 
Fe3+,  Al3+  sulfuric  acid  solutions  indicate  a strong  preference  for  the  uptake  of  Fe3+ 
(Brophy  et  al  1962,  Holler  1967),  lending  corroborative  evidence  to  the  predominance  of 
jarosite  over  alunite. 


D.4.4  Thermodynamics 

Jarosite  is  stable  only  under  fairly  strong  oxidizing  and  acidic  conditions  (Van 
Breemen  1972,  Lindsay  1979).  A decrease  in  Eh  (known  as  the  redox  potential)  or  an 
increase  in  pH  may  lead  to  the  disappearance  of  jarosite  by  dissolution,  yielding  Fe2+, 
S042-,  + K in  solution.  An  increase  in  pH  will  favor  the  destruction  of  jarosite  via 
hydrolysis,  yielding  ferric-oxide  (limonite),  S042  and  K+.  In  a soil  system  in  equilibrium 
with  the  stable  iron  oxide,  jarosite  will  hydrolyze  and  convert  to  goethite  or  hematite,  even 
under  strongly  acid  conditions  (Van  Breeman  1972). 
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D.4.5  Kinetics 


The  transformation  of  jarosite  to  geothite  is  not  direct.  (Van  Breeman,  1973).  An 
intermediate  amorphous  Fe(OH)3  product  is  formed.  The  rate  of  change  of  jarosite  to 
goethite  is  believed  to  be  extremely  slow.  This  fact  is  illustrated  by  the  occurrence  of 
yellow  jarosite  mottles  in  "fossil"  acid  sulfate  soils  in  a Dutch  polder  40  years  after 
reclamation  and  regular  liming  to  maintain  pH  levels  between  5 and  7 (Verhoeven  1972). 

A more  quantitative  attempt  to  discern  the  kinetics  of  the  jarosite-geothite  reaction 
were  made  by  Van  Breemen  and  Harmsen  (1975).  During  a dialysis  experiment,  the 
yellow-brown  color  of  jarosite  changed  to  brown  within  a few  months.  Within  6 months, 
approximately  30%  of  the  stoichiometric  S04,  K+  and  Na+  were  released  and  the  water 
content  of  the  hydrolyzed  material  had  increased.  However,  no  change  in  the  X-ray 
diffraction  pattern  of  jarosite  was  observed,  indicating  that  amorphous  ferric  oxide  was 
formed.  In  the  field,  hydrolysis  would  be  expected  to  proceed  much  slower  because  of  the 
elevated  concentrations  of  S042'  and  possibly  K+  in  the  soil  solutions  of  acid  sulfate  soils 
or  sulfidic  mine  tailings. 

Another  factor  which  may  affect  the  kinetics  of  the  transformation  of  jarosite  to 
hematite  or  goethite  is  the  formation  of  a hematite  coating  on  the  jarosite  crystals.  This 
serves  to  separate  the  jarosite  from  actual  contact  with  the  ambient  soil  solution,  slowing 
the  reaction  (8)  and  thus  the  production  of  H+.  Acid  production  thus  becomes  a function 
of  the  particle  size  of  jarosite  crystals,  in  much  the  same  way  this  factor  controls  the 
production  of  acidity  associated  with  the  oxidation  of  pyrite.it  is 

D.4.6  Acid  Production  from  Jarosite 

When  mine  wastes  are  not  wet,  incomplete  hydrolysis  of  Fe3+  as  shown  in  [4]  occurs 
and  jarosite  forms  instead.  Hence,  the  equation  for  the  formation  of  jarosite  from  pyrite 
can  be  written  [8]: 

FeS2  + 15/4  02  + 5/2  H20  + 1/3  K+  = 1/3  jarosite  + 4/3  S042  + 3H+  [8] 

The  formation  of  jarosite  by  reaction  [8]  instead  of  ferric  hydroxide  [5]  results  in 
yields  of  3 rather  than  4 moles  of  acidity.  However,  upon  weathering  the  1/3  mole  of 
jarosite  will  produce  1 mole  of  acid.  Consequently,  the  same  amount  of  acidity  is  produced 
when  pyrite  reacts  to  form  ferric  hydroxide  whether  jarosite  forms  as  an  intermediate 
product  or  not. 

As  stated  previously,  jarosite  will  eventually  break  down  to  goethite  (alpha-FeOOH) 
at  a pH  of  approximately  4.0.  If  the  upper  limit  of  Fe3+  concentration  is  controlled  by 
jarosite,  the  following  reactions  will  occur: 
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KFe3(S04)2(0H)6  + 6 H+  = K+  + 3 Fe3+  + 2 S042-  + 6 H20 


[9] 


3 Fe3+  + 9 H20  = 3 Fe(OH)3  + 9 H+ 


[10] 


3 Fe(OH)3  = 3 FeOOH  + 3 H20 


[11] 


Although  H+  is  actually  consumed  in  reaction  [9]),  hydrolysis  of  Fe3+  during  the 
formation  of  an  intermediate,  amorphous  Fe(OH)3  [10]  yields  more  H+  than  is  consumed 
in  reaction  [9].  Thus,  1 mole  of  jarosite  will  produce  3 moles  of  H+.  It  should  be  noted, 
however,  that  acid  production  associated  with  the  reaction  of  jarosite,  like  pyrite,  is 
kinetically  controlled. 


Analytical  methods  have  been  developed  for  measuring  the  quantity  of  various  forms 
of  sulfur  in  acid-producing  coal  waste  and  in  coal  overburden  materials  (Sobek  and  others 
1987).  The  contribution  of  each  of  these  sulfur  forms  to  acid  production  is  then  calculated. 
These  methods  were  developed  for  unweathered  materials  and  lime  requirement  is  based 
on  the  difference  between  the  pyrite  lime  requirement  and  the  neutralization  potential  (a 
measure  of  the  materials  inherent  capacity  to  maintain  a non-acid  pH).  The  contribution 
of  "organic  sulfur"  to  potential  acid  production  may  also  be  quantified. 

Weathered,  mine  waste  materials  resulting  from  base  metal  mining  of  sulfide  ores 
are  fundamentally  different  than  unweathered  coal  overburden.  As  a result,  modified 
sulfur  fractionation  methods  were  used  for  this  investigation.  First,  Silver  Bow  Creek  mine 
wastes  are  generally  light-colored,  low  in  organic  carbon.  Hence  the  quantity  of  organic 
sulfur  is  thought  to  be  negligable.  Secondly,  a portion  of  the  pyrite  originally  found  in  the 
waste  has  weathered  to  intermediate  products  like  jarosite. 

The  sulfur  fractionation  procedure  used  for  the  Silver  Bow  Creek  samples  is  a 
modification  of  the  Sobek  procedure  (Sobek  and  others  1987)  and  is  descibed  in  detail  in 
the  STARS  LAP  (MSU  and  Schafer  and  Associates  1987a).  The  procedure  separates  total 
sulfur  into  1)  water  soluble  non-acid  forming  sulfates  (i.e.  gypsum),  2)  HCL-soluble  acid- 
forming sulfates  (typically  jarosite),  3)  nitric  acid  soluble  sulfides  (typically  pyrite  but  may 
contain  other  sulfide  minerals),  and  4)  residual  sulfur  not  digested  by  nitric  acid 
(considered  to  be  pyrite  in  the  lime  requirement  equation). 

Determination  of  jarosite  content  is  a subject  of  some  debate.  X-ray  diffraction  is 
commonly  used  to  positively  identify  jarosite,  with  diagnostic  peaks  at  3.08  A and  3.11  A 
(Carson  1982).  Thermal  analysis  is  very  useful  for  corroborating  X-ray  diffraction  results. 
An  endotherm  at  416  C is  diagnostic  and  makes  jarosite  detectable  down  to  2%  of  the 
whole  soil  (Carson  1977).  Extensive  prefractionation  chemical  treatments  hinder  the 
identification  of  sulfate  minerals  in  bulk  soil  solution  (Carson  1982).  Identification  must 
therefore  be  made  on  untreated  or  mildly  treated,  hand  collected  samples. 


D.5  METHODS  OF  DETERMINATION 
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A more  quantitative  method  of  jarosite  determination  is  offered  by  Begheijh  et  al 
(1978).  After  the  determination  of  pyritic  S,  water  soluble  sulfate  and  jarosite  are  analyzed 
turbidimetrically,  as  S042‘,  after  successive  extractions  by  EDTA3Na  to  remove  water 
soluble  and  exchangeable  S042\  Jarosite  is  then  dissolved  by  hot  HC1  from  the  residue  of 
the  EDTA  3Na  extraction.  Another  quantitative  method  for  jarosite  determination  utilizes 
1 to  5 grams  of  soil  in  50  ml.  of  1%  NaC03,  NaCL  solution  on  a water  bath  (3.5  hours 
@ 100C)  to  remove  water  soluble  S042-  and  S042'  from  jarosite.  Extracts  are  then 
decolorized  by  active  carbon  if  necessary  and  S042-  is  determined  turbidimetrically  . 
Jarosite  is  estimated  after  correction  for  S042'  extracted  from  2-5  grams  of  soil  by  50  ml. 
of  IN  NaCl  (3.5  hours  shaking  at  room  temperature)  (Van  Breemen  and  Harmsen  1975). 
The  HCL  extraction  method  for  jarosite  determination  used  for  the  Silver  Bow  Creek  mine 
waste  samples  was  thought  to  best  fit  into  an  overall  sulfur  fractionation  regimen. 


D.6  LIMING  REQUIREMENTS 

The  amount  of  lime  required  to  permanently  neutralize  acidity  in  sulfidic  mine  waste 
is  based  on  the  active  acidity  and  potential  acidity.  The  SMP  buffer  test  determines  the 
amendment  quantity  needed  to  neutralize  active  acidity.  Therefore,  the  SMP  determination 
is  one  component  of  the  lime  requirement  equation.  The  other  two  components  of  the 
equation  are  the  amendment  quantity  needed  to  neutralize  acid  that  may  be  produced  by 
future  pyrite  oxidation  [5]  and  by  jarosite  reaction  [9,10],  the  potential  acidity. 

During  laboratory  analysis  of  Silver  Bow  Creek  mine  waste  samples,  the  percent 
sulfur  as  pyrite  was  determined.  In  order  to  gain  a conservative  measure  of  the  abundance 
of  pyrite  the  nitric  acid  extractable  sulfur  and  the  residual  sulfur  were  summed  to  estimate 
total  pyrite.  The  following  derivation  shows  how  this  percent  sulfur  was  used  to  calculate 
the  lime  requirement.  The  "lime  requirement"  is  defined  to  be  the  amount  of  pure, 
reactive  CaC03  required  to  adjust  the  pH  to  a specific  target  level.  The  target  level 
selected  was  7.0.  For  CaC03  to  be  reactive  it  must  have  a small  enough  particle  size 
(generally  less  than  60  mesh)  to  control  acidity. 

Pyrite  will  weather  according  to  reaction  [5]  to  liberate  2 moles  of  H+  for  each  mole 
of  sulfur  reacted.  Consider  a waste  sample  with  1 percent  sulfur  as  pyrite. 

• 1.0  g of  waste  contains  0.01  g pyritic  S 

• 0.01  g S at  32g/mole  = 0.0003125  moles  S 

• (2  moles  H+/mole  S)(0.0003125  moles  S)  = 6.25*  10-4  moles  H+/g  waste 

• (6.25*10^  moles  H+/g  waste)(454g/pound)(2000pounds/ton)(1000)= 

5.676*  105  moles  H+/1000  tons  waste 

Now, 


CaC03  + 2H+  = Ca2+  + H20  + CO^ 
Meaning, 


[12] 
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1 mole  CaC03  will  neutralize  2 moles  of  H+. 

• (5.676*  105  moles  H+/1Q00  tons  waste)(l/2mole  CaCO^mole  H+) 

(100  g CaC03/mole)(. 002203  pounds/g)(.0005  tons/pound) 

= 31.25  tons  CaCCVlOOO  tons  mine  waste 

Therefore,  for  each  1 percent  sulfur  as  pyrite,  31.25  tons  CaC03  per  1000  tons  of 
mine  waste  will  be  required  to  neutralize  the  acid  produced  by  reaction  [5].  This  value  is 
one  coefficient  in  the  lime  requirement  determination  formula. 

Similarly,  the  percent  sulfur  as  jarosite  was  also  determined  by  laboratory  analysis 
of  mine  waste  samples.  Jarosite  was  assumed  to  be  equivalent  to  the  sulfur  released  by 
acid  leaching  after  removal  of  soluble  sulfate  minerals  (gypsum)  by  water-rinse.  Jarosite 
will  weather  according  to  [9  and  10]  to  liberate  3 moles  of  H+  for  every  2 moles  of  sulfur 
reacted.  To  determine  the  quantity  of  lime  required  to  neutralize  acid  production  from 
jarosite  reaction,  perform  computations  similar  to  that  for  neutralization  of  acid  from  pyrite 
(above).  To  neutralize  acidity  from  1 percent  sulfur  as  jarosite  requires  23.44  tons  CaC03 
per  100  tons  of  mine  waste. 

Hence,  if  all  sources  of  acid  and  acid-formation  are  combined  in  a mine  waste 
material,  the  theoretical  lime  rate  would  be: 


Lime  Rate  (tons  CaCCVlQOQ  tons  waste)  = (31.25  * Spyrite)  -I-  (23.44  * Sjarosite)  + 
SMP  buffer 

In  practice,  the  lime  requirement  is  also  corrected  for  purity  of  the  lime  source  and 
a safety  factor  is  used  to  assure  complete  pH  control  if  perfect  mixing  is  not  achieved. 

Equations  developed  to  calculate  lime  requirement  from  sulfur  chemistry  (Sobek 
and  others  1987)  often  use  a term  called  the  "neutralization  potential".  Neutralization 
potential  (NP)  is  a measure  of  the  ability  of  a material  to  buffer  the  pH  in  a non-acid 
condition.  Native  carbonate  minerals  are  the  usual  source  of  NP  in  most  soils  and 
sediments.  It  should  be  noted  that  the  lime  requirement  equation  developed  does  not 
include  a NP  factor.  Neutralization  potential  was  determined  on  the  Silver  Bow  Creek 
mine  waste  and  values  were  typically  very  high  (greater  than  30  tons  per  1000  tons  as 
CaC03)  even  for  low  pH  (<4.0)  samples.  Recall  that  the  NP  test  was  designed  to 
measure  the  ability  of  a material  to  maintain  a non-acid  pH.  Therefore,  acid  samples  were 
expected  to  have  an  NP  of  zero.  The  NP  test  is  conducted  by  adding  a known  quantity 
of  acid  to  a waste  sample,  titrating  to  pH  7.0  with  a standardized  base,  and  then 
calculating  consumption  of  the  added  acid.  It  was  thought  that  mineral  constiuents  in  mine 
waste  (like  feldspar)  consumed  the  added  acid,  hence  provided  a measured  buffering 
capacity.  However,  these  minerals  are  only  reactive  under  acid  conditions.  Hence,  the  NP 
test  results  are  misleading.  As  a result,  the  NP  factor  was  not  included  in  the  lime 
requirement  determination  because  the  Silver  Bow  Creek  samples  tested  do  not  have 
appreciable  NP  as  evidenced  by  their  low  pH. 
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E.l  STARS  PHASE  II  SAMPLES 


As  part  of  the  STARS  Phase  II  field  site  selection  and  sampling  activities 
(Schafer  & Associates  and  Reclamation  Research  Unit  1988),  a number  of  soil 
samples  were  collected  for  both  field  measurements  and  laboratory  analyses.  Each 
major  sample  set  evaluated  and  brief  descriptions  are  outlined  below. 

E.1.1  Microplot  Study  Samples 

The  purpose  of  the  microplot  work  was  to  evaluate  in  the  field  several 
design  parameters  that  would  bridge  the  gap  and  provide  continuity  between  the 
bench-scale  and  pilot-scale  treatability  studies  (refer  to  Section  5.0).  Soil  samples 
collected  from  the  microplots  were  prepared  for  analyses.  Hydrogen  ion  (pH)  and 
electrical  conductivity  (EC)  were  determined  in  saturated  soil  past  extraction 
solutions.  These  same  solutions  were  also  measured  for  dissolved  concentrations  of 
As,  Cu,  Cd  and  Zn.  A selected  number  of  microplot  samples  were  subjected  to 
immiscible  liquid  displacement  tests.  Resulting  solutions  were  analyzed  for  Cu  and 
Zn  concentrations  (refer  to  Section  5.0). 

E.1.2  Site  Grid  Samples 

The  variability  of  the  tailings  materials  in  the  vicinity  of  the  five  selected 
waste  samples  evaluated  in  the  Phase  I studies  was  evaluated  by  measuring  several 
parameters  in  a grid  of  sample  points.  Field  measurements  of  samples  collected 
from  the  grid  points  included  saturated  soil  paste  pH  and  EC,  and  total  metal 
levels  measured  by  x-ray  fluorescence  spectroscopy  (XRF).  Refer  to  Section  3.0  for 
detail. 

E.13  Field  Plot  Samples 

A number  of  soil  samples  were  collected  from  the  selected  field  plots  to 
assess  the  physicochemical  properties  of  the  tailings.  The  objectives  of  these 
sampling  and  analyses  activities  were  to  generate  the  following  data: 

• data  for  designing  amendment  rates  for  each  individual  field  plot  (soil, 
pH,  EC,  particle  size  analysis,  and  acid  base  account  - sulfur  species, 
neutralization  potential  and  SMP  lime  requirement); 

• data  for  verification  of  field  XRF  information  (total  metals 
concentrations); 

• data  for  designing  fertilizer  requirements  for  each  field  plot  (plant 
available  nitrogen,  phosphorus,  potassium  and  boron);  and 
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• archive  samples  from  each  field  plot  representing  baseline  (pre- 
amendment) soil  chemical  conditions. 

Refer  to  Section  4.0  for  additional  details. 


E.2  Analytical  Methods  and  Quality  Control 

The  analytical  methods  used  for  these  determinations  are  given  in  detail  in 
the  STARS  LAP  document  (Reclamation  Research  Unit  and  Schafer  & Associates 
1987)  or  in  the  STARS  - Technical  Memorandum  (Schafer  & Associates  and 
Reclamation  Research  Unit  1988).  In  addition,  the  STARS  QAPP  document 
(Reclamation  Research  Unit  and  Schafer  & Associates  1987)  and  a Routine 
Analytical  Services  (RAS)  Requests  defined  the  level  of  quality  control  for  detection 
limits,  laboratory  spike  recovery  control  limits,  laboratory  duplicate  control  limits, 
and  laboratory  control  samples.  This  information  is  presented  in  the  following 
tables  (Table  E.l  and  E.2).  For  additional  detail,  refer  to  the  LAP,  QAPP  and 
Technical  Memorandum  documents. 


E.3  Data  Validation 

Contract  compliance  screening  represents  the  first  level  of  data  validation. 
This  screening  was  stipulated  by  EPA  and  its  purpose  was  twofold: 

• Evaluate  whether  contract  performance  requirements  were  met  by  the 
analytical  laboratories  in  analyzing  the  submitted  samples.  The 
contract  requirements  were  stipulated  in  the  Laboratory  Analytical 
Protocol  (LAP)  document  (Reclamation  Research  Unit  and  Schafer  & 
Associates  1987),  several  CLP  RAS  and  SAS  Requests  and  were 
based  on  the  requirements  outlined  in  the  EPA  Contract  Laboratory 
Program,  SOW  785  (EPA  1985)  and  SOW  787  (EPA  1987). 

• Determine  if  specific  natural  samples  were  associated  with  certain  out- 
of-control  analytical  situations,  and  to  identify  these  specific  samples. 

Data  reviewers  were  responsible  for  evaluating  each  data  package  received 
from  the  laboratories.  Specific  guidelines  and  contract  screening  forms  have  been 
established  by  EPA,  Region  VIII.  The  guidelines  are  found  in  a document  entitled 
Laboratory  Data  Validation:  Functional  Guidelines  for  Evaluating  Inorganics 
Analysis  (EPA,  no  date).  Contract  compliance  screening  forms  were  provided  by 
the  EPA  Region  VIII  Deputy  Project  Officer  for  the  CLP. 
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Table  E.l.  Laboratory  determined  parameters.  Methods  and  QC 
requirements  for  STARS  Phase  II  samples. 


Parameter 

Analysis 

Method 

Ref. 

Detection  * 
Limit  (uq/K) 

Lab  Spike 
Recovery** 
Limit  (%R) 

Lab  Duplicate 
Control  ** 
Limit  (%RPD) 

Lab 

Control  ** 
Sample  (% R) 

Drying  and 
Disaggregation 

Refer  to 
QAPP 

NA 

NA 

NA 

NA 

Saturated  Paste 

10-2.3.1 

a 

NA 

NA 

NA 

NA 

Extraction 

pH 

10-2.3.3 

a 

NA 

NR 

+20 

NA 

EC 

10-3.3 

a 

NA 

NR 

+20 

NA 

As 

206.3 

b 

2 

75-125 

+20 

80-120 

Cd 

213.1 

b 

5 

75-125 

+20 

80-120 

Cu 

220.1 

b 

25 

75-125 

+20 

80-120 

Zn 

289.1 

b 

20 

75-125 

+20 

80-120 

Extractable  NO3 

33-8.2 

a 

NA 

NR 

±35 

NR 

Extractable  P 

24-5.1 

a 

NA 

NR 

±35 

NR 

Extractable  K 

200.7  & 
9-3.1 

b 

a 

NA 

NR 

±35 

NR 

Extractable  B 

200.7  & 
10-2.3.1 

b 

a 

NA 

NR 

±35 

NR 

CLP  Total 

SOW  787 

c 

As  stipulated 

in  CLP  SOW  787 

or  current  SOW 

Metals  (RAS) 

Particle  Size 

43.5 

d 

NA 

NR 

±35 

NR 

Acid  8ase  Account 

Total  S 
Sulfate  S 

Sulfide  S 
Residual  S 

e & 
f 

NA 

NR 

±35 

NR 

Neut.  Potential 

SMP  Lime 

★ 

Detection  limit  given  is  for  prepared  extract  solution. 

Frequency  of  audit  is  1 for  every  20  samples. 

a Methods  of  Soil  Analysis,  Part  2,  2nd  Edition,  1982.  ASA  Mono.  No.  9,  Am.  Soc.  Agron., 

Soil  Sci.  Soc.  Am. 

b USEPA.  Methods  for  Chemical  Analysis  of  Water  and  Wastes.  EPA-600-4-79-020.  Revised  March  1983. 
c USEPA.  Contract  Laboratory  Program.  Statement  of  Work  (SOW)  787. 
d Methods  of  Soil  Analysis,  Part  1,  1965.  ASA  Mono.  No.  9,  Am.  Soc.  Agron.,  ASTM. 
e USEPA- 600/2- 78- 054. 
f USEPA-670/2-74-070. 
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Table  E.2.  Field  determined  parameters,  methods  and  QC 
requirements  for  STARS  Phase  II  samples. 


Parameter 

Analysis 

Method 

Ref. 

Detection 
Li  mi  t 

Field 

Duplicate  Control 
Limit  (%RPD) 

Field 
Standard 
Recovery  (%R) 

XRF  Metals 

Refer  to 
Tech.  Memo 

a 

NA 

±35 

NA 

Saturated  Paste 
Extraction 

10-2.3.1 

b 

NA 

NA 

NA 

pH 

10-2.3.3 

b 

NA 

±35 

NA 

EC 

10-3.3 

b 

NA 

±35 

NA 

Field  Texture 

Refer  to 
Tech.  Memo 

a 

NA 

NA 

NA 

a STARS-Transition  Phase  Technical  Memorandum.  Document  No.  SBC-STARS-SFSSS,  F-RO-042988. 

Prepared  by  Schafer  & Associates  and  Reclamation  Research  Unit.  June  10,  1988. 
b Methods  of  Soil  Analysis,  Part  2,  2nd  Edition,  1982.  ASA  Mono.  No.  9,  Am.  Soc.  Agron., 
Soil  Sci.  Soc.  Am. 


Each  data  package  was  reviewed  using  the  guidelines  and  screening  forms. 
Major  requirements  for  data  review  and  contract  compliance  were:  sampling 
holding  times;  instrumentation  calibration;  review  of  calibration  and  preparation 
blanks;  ICP  interference  checks;  laboratory  control  samples;  and  specific  sample 
results  including  laboratory  duplicate  sample  analysis,  laboratory  spike  sample 
analysis,  graphite  furnace  atomic  absorption  QC  analysis,  and  other  QC  sample 
results.  Summaries  of  the  contract  compliance  screening  efforts  with  narratives  of 
finding  were  sent  to  EPA  (DPO/CLP)  so  that  resolution  of  any  conflicts  regarding 
contract  compliance  could  be  handled  between  EPA  and  the  contract  laboratory. 

The  second  level  of  data  validation  consisted  of  adding  qualifiers  to  the  data. 
These  qualifiers  result  from  the  review  of  the  data  packages  and  were  stipulated  in 
the  document  entitled  Laboratory  Data  Validation:  Functional  Guidelines  for 
Evaluating  Inorganics  Analysis  (EPA,  no  date). 


E.4  Data  Reduction 

Data  reduction  consisted  of  the  development  of  several  Quality  Assurance 
Statements  quantifying  the  accuracy,  precision,  representativeness,  comparability  and 
completeness  of  the  data.  The  protocols  for  these  procedures  were  outlined  in  the 
Draft  Initial  Data  Validation  and  Reduction  Protocol  (CH2M  HILL  1985)  as 
modified  and  given  in  full  detail  in  the  STARS  QAPP  document  (Reclamation 
Research  Unit  and  Schafer  & Associates  1987). 
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For  each  main  set  of  STARS  Phase  II  data  (microplot  samples,  site  grid 
samples  and  field  plot  samples),  a contract  compliance/data  validation/reduction  and 
QA  statement  document  was  prepared  and  submitted  to  CH2M  HILL.  These 
documents  provide  the  following  information: 

• results  of  contract  compliance  screening; 

• narrative  of  findings; 

• lists  of  data  that  were  flagged;  and 

• presentations  of  accuracy,  precision,  representativeness,  completeness 
and  comparability  of  the  data. 

These  documents  are  part  of  the  Administrative  Record  for  the  STARS 
investigation  and  are  located  in  the  CH2M  HILL  files.  Summary  tables  quantifying 
the  quality  assurance  statements  have  been  taken  from  these  documents  and  are 
exhibited  in  this  appendix. 

E.4.1  Accuracy 

Accuracy  was  measured  as  the  ability  of  the  analytical  procedure  to 
determine  the  actual  quantity  of  a particular  analyte  in  a sample.  In  these  studies, 
accuracy  was  evaluated  by  determining  the  average  recovery  of  the  analytes  of 
interest  in  two  different  types  of  QC  samples:  blind  field  standards  inserted  into 
the  sample  train  and  laboratory  natural  matrix  spikes.  The  QAPP  document  used 
in  the  STARS  investigation  specified  the  type  of  blind  field  standards  to  be  used, 
their  frequency  of  analysis,  and  control  limits.  The  QAPP  also  specified  the  spiking 
levels  for  the  natural  matter  spike  analysis,  frequency  of  analysis,  control  limits  and 
corrective  actions  to  be  initiated  if  control  limits  were  exceeded.  Data  for  the  blind 
field  standards  and  the  natural  matrix  spikes  were  extracted  from  the  data  bases 
and  accuracy  statements  were  developed  for  each  analyte  of  interest  using  the 
statistical  methodology  described  in  the  QAPP  document  and  are  exhibited  in  this 
appendix. 

E.4.2  Precision 

Precision  of  an  analytical  test  result  is  reflected  in  the  amount  of  variance 
that  occurred  in  repeated  measurements  of  a particular  analyte.  In  these  STARS 
Phase  II  studies,  two  different  types  of  QC  samples  were  used  to  evaluate  precision. 
Blind  field  replicates  were  inserted  into  the  sample  train  as  described  in  the  project 
documents  (TSOP,  GSOP,  and  QAPP).  Precision  measurements  based  on  these 
data  reflect  both  field  and  laboratory  variance.  Laboratory  duplicates  were 
prepared  by  the  analytical  laboratory  and  reflect  only  laboratory  generated  variance. 
Data  for  these  QC  samples  were  extracted  from  each  data  base  and  precision 
statements  were  calculated  for  each  analyte  of  interest  using  statistical  procedures 
outlined  in  the  QAPP  document  and  are  exhibited  in  this  appendix. 
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E.43  Representativeness 

For  data  validation  and  reduction  efforts,  representativeness  deals  with  the 
evaluation  of  bias  due  to  contamination  - both  external  and  cross  contamination. 
Analytical  results  for  all  types  of  field  blanks,  laboratory  calibration,  and 
preparation  blanks  were  evaluated  in  terms  of  the  instrument  and/or  procedure 
detection  limit  in  order  to  assess  any  contamination  (bias)  and  identify  its  potential 
source.  If  contamination  was  found  for  a particular  analyte,  the  data  for  associated 
natural  samples  were  qualified  using  the  scheme  given  in  Laboratory  Data 
Validation:  Functional  Guidelines  for  Evaluating  Inorganics  Analysis  (EPA,  no 
date). 


E.4.4  Completeness 

Completeness  was  calculated  following  contract  compliance  and  data 
validation/reduction.  It  was  calculated  as  a percentage  in  the  following  two  ways 
for  each  analyte  of  interest: 

• Completeness  = (#  of  valid  samples/#  of  collected  samples)  x 100 

• Completeness  = (#  of  valid  samples/#  of  planned  samples)  x 100 

E.4.5  Comparability 

Comparability  of  data  is  assessed  prior  to  any  sample  collection  and  was 
addressed  in  several  of  the  STARS  planning  documents  including  the  QAPP,  TSOP, 
GSOP  and  the  STARS  Technical  Memorandum. 


E.5  Summary  Tables  of  Quality  Assurance  Statements 

Quality  assurance  statements  for  each  parameter  evaluated  in  the  STARS 
Phase  II  studies  are  summarized  in  the  following  tables.  Individual  statements  of 
accuracy,  precision,  representativeness,  completeness  and  comparability  are  found  in 
documents  submitted  to  CH2M  HILL  as  part  of  the  Administrative  Records  and 
are  not  included  in  this  appendix. 
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Table  E.6.  Quality  assurance  statements  for  Cu  and  Zn  in 
Immiscible  Liquid  Displacement  Tests.  Micro- 
plot studies.  STARS  Phase  II. 


QA  Analvte 


Statements 

Copper 

Zinc 

Accuracy 

% of  Data 

100% 

100% 

Value  (%R) 

113% 

97% 

Based  on 

LSR 

LSR 

Precision 

% of  Data 

— 

— 

Value 

NC 

NC 

Based  on 

LD 

LD 

Completeness 

Valid  Samples 

11 

11 

Planned  Samples 

11 

11 

Collected  Samples 

11 

11 

% Valid/Planned 

100% 

100% 

% Valid/Collected 

100% 

100% 

Representativeness 

Field  Contamination 

NK 

NK 

Lab  Contamination 

NS 

NS 

Comparability 

Yes 

Yes 

LSR  - Laboratory  Spike  Recovery 
LD  - Laboratory  Duplicate 
%R  - Percent  Recovery 
ND  - Not  Calculated  (no  data) 
NK  - Not  Known 
NS  - Not  Significant 
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E.6  STATISTICAL  METHODS  FOR  CALCULATING  ACCURACY 


1.  From  the  summarized  information  on  the  accuracy  form,  the  percent 
recovery  of  the  blind  field  standard  and  the  recovery  of  each  lab 
spiked  sample  pair  are  calculated  separately  as: 


Recovery  of  BFS  = VA  x 100; 

VK 


where : 


or  % Recovery  of 


VA  = analytical  value  of  BFS; 

VK  = known  (or  certified)  value  of 
SSR  = spiked  sample  results; 

SR  = sample  results; 

SA  = spike  added. 


Spike  = SSR-SR  x 100 
SA 


BFS; 


2 . 


Perfect  accuracy  would  be  100  percent  recovery. 


Calculate  the  standard  deviation  of  all  pairs. 


■ t 


SD  = [S  ( Recovery . - Recoverv^.^ ) 

n-1 


1/2 


where  recovery,  is  the  individual  recoveries,  recoveryavg>  is  the 
average  recovery,  and  n is  the  number  of  values. 


3.  To  validate  recovery  data,  the  individual  recoveries  are  compared 
with  the  average  recovery  value  to  identify  individual  values 
that  lie  outside  the  range  or  reasonableness.  Chauvenet's 
criterion  is  used  to  identify  individual  recovery  values  that  lie 
outside  the  range. 

To  use  Chauvenet's  criterion,  the  screening  variable  was  computed 
for  recovery  values  that  are  suspected  of  lying  outside  the  range 
of  reasonableness. 


Screening  Variable  = (Recovery,.  - Recoveryavg  ) / SD 

The  calculated  screening  variable  is  then  compared  to  the  maximum 
allowable  value  (Table  E-l)  for  the  appropriate  number  of  recov- 
ery determinations.  The  suspect  recovery  value  is  set  aside  (set 
aside  values  are  called  "outliers")  if  the  calculated  screening 
variable  equals  or  exceeds  the  maximum  allowable  value. 

If  outliers  are  identified  using  Chauvenet's  criterion,  a new 
average  recovery  and  a new  standard  deviation  are  recalculated 
using  the  remaining  "good"  values,  and  Chauvenet's  criterion  is 
reapplied.  This  procedure  is  repeated  until  all  surviving 
recovery  values  pass  Chauvenet's  criterion.  (Usually  one  appli- 
cation and  one  recalculation  are  enough) . The  final  average 
recovery  and  final  standard  deviation  are  calculated  from  the 
"surviving"  recovery  values.  The  final  average  recovery  value  is 
used  to  eliminate  any  bias  from  the  laboratory  data. 
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Table  E-l  Chauvenet 's  criterion  for  rejecting  a suspected  values. 


Number  of  Samples 

Maximum 

Allowable  Values  for 

n 

(Recovery 

, - Recovery  ) / SD 

3 

1.901 

4 

1.983 

5 

2 . 015 

6 

2 . Ill 

7 

2 . 164 

8 

2 . 195 

9 

2 .214 

10 

2 .228 

11 

2.279 

12 

2 .318 

13 

2 .348 

14 

2 . 373 

15 

2.393 

16 

2.409 

17 

2 .424 

18 

2.435 

19 

2 .445 

20 

2 .454 

21 

2 .462 

22 

2 .469 

23 

2.475 

24 

2.480 

25 

2 .485 

26 

2 . 502 

27 

2.517 

28 

2.530 

29 

2.543 

30 

2 . 555 

40 

2 . 634 

Based  on  "t"  distribution  rather  than  the  traditional  "normal" 
distribution. 

Individual  Recovery  = Recovery! ; Average  Recover  = Recoveryavg< 


4.  The  range  of  uncertainty  (R)  in  the  recovery  is  then  calculated. 

± R = ± tSD/  (n) 1/2 

where : 

R is  the  range  of  uncertainty  expressed  as  a percent; 

t is  the  value  of  the  t distribution  for  the  selected 

confidence  level  (90  percent)  and  (n-1)  degrees  of 
freedom  (Table  E-3) ; 
n is  the  number  of  samples; 

SD  is  the  standard  deviation. 
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The  range  of  uncertainty  is  used  in  conjunction  with  the  average 
recovery  to  determine  if  bias  adjustments  are  required. 

5.  Together,  the  final  average  recovery  value  for  BFS  and  lab  spike 
and  the  corresponding  range  of  uncertainties  constitute  the  QA 
statements  of  accuracy  for  a particular  sampling  program. 

6.  The  completeness  of  accuracy  data  is  that  percentage  of  the  total 
number  of  samples  that  remained  after  outliers  are  identified  and 
set  aside  with  Chauvenet's  criterion. 
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E.7  STATISTICAL  METHODS  FOR  CALCULATING  PRECISION 


1.  From  the  summarized  information  on  the  precision  form,  the  rela- 
tive percent  difference  (RPD)  of  each  replicate  pair  (blind  field 
replicates  and  laboratory  duplicates)  are  calculated  separately 
as : 


RPD  = [S  - D 1 x 100 
(S  + D)/2 

where: 

RPD  = Relative  Percent  Difference 
S = First  sample  value  (original) 

D = Second  sample  value  (duplicate) 

Perfect  precision  would  result  in  0%  RPD. 

2.  Any  RPD  value  exceeding  the  control  limit  of  +20%  (waters)  or 
+35%  (soils)  is  evaluated  as  an  outlier  using  the  Dixon's  Q 
method. 

Dixon  Test  for  Outlying  Observations 

This  procedure  has  the  advantage  that  an  estimate  of  the 
standard  deviation  is  not  needed  to  use  it.  The  procedure  is  as 
follows : 

a.  Rank  the  RPD  data  in  order  of  increasing  numerical  value, 
i . e . , 

X1#  < x2,  < x3  < . . . < Xh.,  < xn 

b.  Decide  which  RPD  value  is  suspect  (usually  xn) 

c.  Select  the  risk  for  a false  rejection  (Table  E-2) 

d.  Compute  one  of  the  following  ratios  (statistics) : 


n 

Ratio 

if  X is 

susoect 

3 

< 

n 

< 

7 

T10 

(Xn  - Xn-1> 

/ 

<x„  - 

X,> 

8 

< 

n 

< 

10 

rn 

(X„  " X„-l) 

/ 

(Xn  " 

X2) 

11 

< 

n 

< 

13 

T21 

(Xn  - Xn-2) 

/ 

(Xn  - 

X2) 

14 

< 

n 

< 

25 

r22 

(Xn  - Xn*2) 

/ 

(X„  - 

X3> 

e.  Compare  the  ratio  (statistic)  calculated  with  the  values  in 
Table  E-2.  If  the  calculated  ratio  is  greater  than  the 
tabulated  value,  rejection  may  be  made  with  the  tabulated 
risk. 

f.  Suspected  outliers  failing  the  Dixon  test  are  rejected  in  an 
iterative  process  and  are  not  used  in  the  following  preci- 
sion QA  statement  calculations. 
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Table  E-2 . Values  for  Use  in  the  Dixon  Test  for  Outliers. 


Statistic 

Number  of 
Observations,  n 

0.5% 

Risk  of  False  Rejection 
1%  5% 

10% 

3 

.994 

.958 

.941 

.835 

4 

.926 

,8e9 

.765 

.679 

*10 

5 

.821 

.780 

.642 

.557 

6 

.740 

.698 

.550 

.482 

7 

.580 

.637 

.507 

.434 

8 

.725 

.683 

.554 

.479 

rn 

9 

.677 

.635 

.512 

.441 

10 

.639 

.597 

.477 

.409 

11 

.713 

.679 

.576 

.517 

7 21 

12 

.675 

.642 

.546 

.490 

13 

.649 

.615 

.521 

.457 

14 

.674 

.641 

.546 

.492 

15 

.647 

.516 

.525 

.472 

IS 

.624 

.595 

.507 

.454 

7 22 

17 

.505 

.577 

.490 

.438 

18 

.589 

.561 

.475 

.424 

19 

.575 

.547 

.462 

.412 

20 

.562 

.535 

.450 

.401 

Tabulated  values  obtained  from  N'atrelia  {t 00].  See  page  36  for  discussion.  Original  reference: 
W.  J.  Dixon,  “Processing  Data  Outliers,”  Biometrics,  BIOMA,  9 (No.i):  74-89  (March  1953). 


3.  Calculate  the  relative  standard  deviation  (RSD)  of  each  duplicate 
pair  (field  duplicates  and  lab  duplicates  are  treated  sepa- 
rately) . 


4 . 


5. 


6 . 


RSDeach  pair  = SD/Mean 


Calculate  the  RSD  for  all  the  pairs  (field  duplicates  and  lab 
duplicates  are  treated  separately) . 


RSD 


overall 


n RSD 


each 


i 1 ^“Ipairs 


1/2 


Calculate  precision  as  a percent. 
Precision  (%)  = 


t , na,-rc  x RSDAvoral  | 

n- 1 pa i rs  overa  1 1 


1/2 


X 100 


( n""^pairs) 

where:  t is  value  from  the  90%  probability  level  (Table  E-3) . 


The  completeness  of  precision  data  is  that  percentage  of  the 
total  number  of  RPD  values  that  remained  after  outliers  are 
identified  and  set  aside  with  Dixon's  Q ratio. 
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Table  E-3 . Distribution  of  t. 


Number 

Degrees 

of 

of 

Sammle 

Freedom 

50 

70 

80 

90 

95 

98 

99 

2 

1 

1.000 

1.963 

3 . 078 

6.314 

12 .706 

31.821 

63 . 657 

3 

2 

.816 

1.386 

1.886 

2 . 920 

4 .303 

6.965 

9.925 

4 

3 

.765 

1.250 

1.638 

2 .353 

3 . 182 

4 . 541 

5.841 

5 

4 

.741 

1.190 

1.533 

2.132 

2.776 

3.747 

4 . 604 

6 

5 

.727 

1.156 

1.476 

2.015 

2.571 

3.365 

4 . 032 

7 

6 

.718 

1.134 

1.440 

1.943 

2.447 

3.143 

3 .707 

8 

7 

.711 

1.119 

1.415 

1.895 

3 .265 

2.998 

3 .499 

9 

8 

.706 

1.108 

1.397 

1.860 

2 .306 

2.896 

3 .355 

10 

9 

.703 

1.100 

1.383 

1.833 

2 .262 

2.821 

3 . 250 

11 

10 

.700 

1.093 

1.372 

1.812 

2 . 228 

2.764 

3 . 169 

12 

11 

. 697 

1.088 

1.363 

1.796 

2.201 

2.718 

3 . 106 

13 

12 

. 695 

1.083 

1.356 

1.782 

2.179 

2.681 

3 . 055 

14 

13 

. 694 

1.079 

1.350 

1.771 

2 . 160 

2 . 650 

3 . 012 

15 

14 

. 692 

1.076 

1.345 

1.761 

2.145 

2.624 

2.977 

16 

15 

. 691 

1.074 

1.341 

1.753 

2 . 131 

2.602 

2.947 

17 

16 

. 690 

1.071 

1.337 

1.746 

2.120 

2.583 

2.921 

18 

17 

. 689 

1.069 

1.333 

1.740 

2 . 110 

2.567 

2.898 

19 

18 

. 688 

1.067 

1.330 

1.734 

2.101 

2 . 552 

2 . 878 

20 

19 

. 688 

1.066 

1.328 

1.729 

2 . 093 

2.539 

2 .861 

21 

20 

. 687 

1.064 

1.325 

1.725 

2 . 086 

2 . 528 

2 .845 

22 

21 

. 686 

1.063 

1.323 

1.721 

2 . 080 

2 . 518 

2.831 

23 

22 

. 686 

1.061 

1.321 

1.717 

2.074 

2 . 508 

2 .819 

24 

23 

. 685 

1.060 

1.319 

1.714 

2 . 069 

2.500 

2.807 

25 

24 

. 685 

1.059 

1.318 

1.711 

2 . 064 

2.492 

2.797 

26 

25 

. 684 

1.058 

1.316 

1.708 

2 . 060 

2.485 

2.787 

27 

26 

. 684 

1.058 

1.315 

1.706 

2 . 056 

2.479 

2 . 779 

28 

27 

. 684 

1.057 

1.314 

1.703 

2 . 052 

2.473 

2.771 

29 

28 

. 683 

1.056 

1.313 

1.701 

2 . 048 

2.467 

2 .763 

30 

29 

. 683 

1.055 

1.311 

1.699 

2 . 045 

2.462 

2.756 

31 

30 

. 683 

1.055 

1.310 

1.697 

2 . 042 

2 .457 

2.750 

41 

40 

. 681 

1.050 

1.303 

1.684 

2 . 021 

2 .432 

2 .704 

61 

60 

. 679 

1.046 

1.296 

1.671 

2 . 000 

2 .390 

2 . 660 

121 

120 

. 677 

1.041 

1.289 

1.658 

1.980 

2 .358 

2 . 617 

. 674 

1.036 

1.282 

1.645 

1.960 

3 .326 

2 . 576 
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APPENDIX  F 
Plot  Construction  Scheme 
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Table  F-l.  Plot  activity  sequence  of  events  at  Site  2. 


SILVER  BOW  CREEK  - STARS 
Plot  Activities 
Site  2 


AGRICULTURAL  TREATMENT  PLOT  NUMBER  2,8,14,22 


DATE 

ACTIVITY 

6/30/88 

Surveyed  plot  locations 

9/13/88 

Staked  reference  comers 

9/14/88 

Removed  overburden 

9/15/88 

Staked  plots 

9/16/88 

Chisel  plowed  surface 

9/27/88 

Applied  CaC03  and  Ca(OH)2 

9/27/88 

Two  passes  with  moldboard  and  chisel 
plow  to  incorporate  amendments 

9/28/88 

Applied  phosphogypsum  and  ferric 
sulfate 

9/29/88 

Mellowed  with  400  gallons  of  water, 

2 chiselings  between  water  applications 

10/1/88 

Rototilled  and  smoothed 

10/19/88 

Surface  applied  N,P,K  and  B 

10/19/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 
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Table  F-2.  Plot  activity  sequence  of  events  at  Site  2. 


SILVER  BOW  CREEK  - STARS 


Plot  Activities 
Site  2 

COVERSOIL  TREATMENT 

PLOT  NUMBER  1,7,18,19 

DATE 

ACTIVITY 

6/30/88 

9/13/88 

9/14/88 

9/15/88 

9/16/88 

9/27/88 

9/27/88 

Surveyed  plot  location 

Staked  reference  comers 

Removed  overburden 

Staked  plots 

Chisel  plowed  surface 

Surface  applied  CaC03  and  Ca(OH)2 

Two  passes  with  moldboard  and  chisel 

plow  to  incorporate  amendments 

9/29/88 

9/29/88 

Applied  phosphogypsum  and  ferric  sulfate 
Mellowed  with  700  gallons  of  water, 

2 chiselings  between  water  applications 

10/1/88 

10/1/88  and  10/10/88 
10/30/88 
10/30/88 
10/30/88 

Rototilled  and  smoothed 
Applied  20  yards  coversoil 
Coversoil  wedge  completed 
Surface  applied  N,P  and  B 
Rototilled  fertilizer 
(plots  ready  to  seed) 
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Table  F-3.  Plot  activity  sequence  of  events  at  Site  2. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  2 

DEEP  PLOW  TREATMENT  PLOT  NUMBER  6,10,16,24 


DATE 

ACTIVITY 

6/30/88 

Surveyed  plot  locations 

9/13/88 

Staked  reference  comers 

9/14/88 

Removed  overburden 

9/15/88 

Staked  plots 

9/16/88 

Chisel  plowed  surface 

9/27/88 

Applied  1/2  of  the  CaC03  and  Ca(OH)2 
required  for  the  8"  to  48"  layer, 
moldboard  plowed,  applied  the 
remaining  1/2  plus  the  phosphogypsum 
and  ferric  sulfate  for  that  depth, 
moldboard  plowed 

10/4/88 

Deep  plowed 

10/10/88 

Leveled  and  smoothed 

10/18/88 

Applied  CaC03,  Ca(OH)2,  phosphogypsum 
and  ferric  sulfate  for  the  final 
0 to  8"  layer 

10/18/88 

Rototilled 

10/18/88 

Mellowed  with  250  gallons  of  water, 
no  tillage  between  water  applications 

10/19/88 

Surface  applied  N,P,K  and  B 

10/19/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 
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Table  F-4.  Plot  activity  sequence  of  events  at  Site  2. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  2 

LIME  SLURRY  INJECTION  PLOT  NUMBER  3,11,13,23 

TREATMENT 


DATE 

ACTIVITY 

6/30/88 

Surveyed  plot  locations 

9/13/88 

Staked  reference  corners 

9/14/88 

Removed  overburden 

9/15/88 

Staked  plots 

10/6/88 

plot  3 

Injected  509  gal.  @4.58  lbs/gal  =2321  lbs  lime 

10/6/88 

plot  23 

Injected  603  gal.  @4.58  lbs/gal  =2750  lbs  lime 

10/7/88 

plot  11 

Injected  1008  gal.  @4.58  Ibs/gal  =4597  lbs  lime 

10/7/88 

plot  13 

Injected  905  gal.  @4.58  lbs/gal  =4127  lbs  lime 

10/18/88 

Surface  applied  amendments  for  0-8"  layer 

10/18/88 

Rototilled 

10/21/88 

Mellowed  with  250  gallons  of  water, 
no  tillage  between  water  applications 

10/30/88 

Surface  applied  N,P,K  and  B 

10/30/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

NOTE:  Percent  of  required  lime  actually  applied  (see  Section  6). 


plot  3 

17% 

plot  11 

33% 

plot  13 

36% 

plot  23 

18% 
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Table  F-5.  Plot  activity  sequence  of  events  at  Site  2. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  2 

EXTRA  TREATMENT 

PLOT  NUMBER  5,9,17,21 

DATE 

ACTIVITY 

6/30/88 

9/13/88 

9/14/88 

9/15/88 

9/18/88 

9/27/88 

9/27/88 

Surveyed  plot  locations 
Staked  reference  corners 
Removed  overburden 
Staked  plots 
Chisel  plowed  surface, 

Applied  Ca(OH)2 

Two  passes  with  a moldboard  and  chisel 
plow  to  incorporate  amendments 

9/27/88 

10/21/88 

Applied  phosphogypsum  and  ferric  sulfate 
Mellowed  with  400  gallons  of  water, 

2 chiselngs  between  water  applications 

10/29/88 

10/30/88 

10/30/88 

Rototilled  and  smoothed 
Surface  applied  N,P,K  and  B 
Rototilled  fertilizer 
(plots  ready  to  seed) 
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Table  F-6.  Plot  activity  sequence  of  events  at  Site  2. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 


CONTROL  TREATMENT 

Site  2 

PLOT  NUMBER  4,12,15,20 

DATE 

ACTIVITY 

9/11/88 

9/15/88 

9/16/88 

10/19/88 

10/19/88 

Removed  overburden 
Staked  plots 
Chisel  plowed  surface 
Surface  applied  N,P,K  and  B 
Rototilled  fertilizer 
(plots  ready  to  seed) 
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Table  F-7.  Plot  activity  sequence  of  events  at  Site  7. 

SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  7 

AGRICULTURAL  TREATMENT  PLOT  NUMBER  1,10,16,23 


DATE  ACTIVITY 


7/8/88 

Surveyed  plot  locations 

9/12/88 

Leveled  plots 

9/12/88 

Staked  reference  comers 

9/14/88 

Chisel  plowed  surface 

9/15/88 

Surface  applied  CaC03  and  Ca(OH)2 

9/18/88 

Two  passes  with  a rototill  and  chisel 
plow  to  incorporate  amendments 

9/22/88 

Mellowed  with  500  gallons  of  water, 
2 tillages  between  water  aplications 

9/24/88 

Rototilled  and  smoothed 

10/20/88 

Surface  applied  N,P,K  and  B 

10/29/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

11/5/88 

Fenced  site 

F-8 


Table  F-8.  Plot  activity  sequence  of  events  at  Site  7. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  7 

COVERSODL  TREATMENT  PLOT  NUMBER  6,12,13,19 


DATE 

ACTIVITY 

7/8/88 

Surveyed  plot  locations 

9/12/88 

Leveled  plots 

9/12/88 

Staked  reference  comers 

9/14/88 

Chisel  plowed  surface 

9/15/88 

Surface  applied  CaC03  and  Ca(OH)2 

9/15/88 

Two  passes  with  a rototill  and  chisel 
plow  to  incorporate  amendments 

9/22/88 

Mellowed  with  500  gallons  of  water, 
2 tillages  between  water  applications 

9/24/88 

Rototilled  and  smoothed 

10/1/88 

Applied  20  yards  coversoil 

10/23/88 

Coversoil  wedge  completed 

10/23/88 

Surface  applied  N,P  and  B 

10/23/88 

Rototilled  or  plowed  fertilizer 
(plots  ready  to  seed) 

11/5/88 

Fenced  site 

F-9 


Table  F-9.  Plot  activity  sequence  of  events  at  Site  7. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  7 

DEEP  PLOW  TREATMENT  PLOT  NUMBER  3,9,14,20 


DATE 

ACTIVITY 

7/8/88 

Surveyed  plot  locations 

9/12/88 

Leveled  plots 

9/12/88 

Staked  reference  comers 

9/14/88 

Chisel  plowed  surface 

9/15/88 

Surface  applied  the  CaC03  and  Ca(OH)2 
required  for  the  8 to  48  " layer, 
rototilled  amendments 

9/23/88 

^mellowed  with  500  gallons  of  water, 
no  tillage  between  water  treatments 

9/26/88  and  9/27/88 

Deep  plowed 

10/10/88 

Leveled  and  smoothed 

10/10/88 

Surface  applied  CaC03  and  Ca(OH)2 
for  the  final  0-8"  layer 

10/11/88 

Rototilled 

10/12/88 

Mellowed  with  500  gallons  of  water, 
no  tillage  between  water  applications 

10/20/88 

Surface  applied  N,P,K  and  B 

10/20/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

11/5/88 

Fenced  site 

* Mellowing  before  deep  plowing  occured  only  at  this  site 


F-10 


Table  F-10.  Plot  activity  sequence  of  events  at  Site  7. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  7 

LIME  SLURRY  INJECTION  PLOT  NUMBER  5,8,18,22 

TREATMENT 


DATE 

ACTIVITY 

7/8/88 

Surveyed  plot  locations 

9/12/88 

Leveled  plots 

9/12/88 

Staked  reference  corners 

10/3/88 

plot  5 

Injected  690  gal.  @3.0  Ibs/gal  =2070  lbs  lime 

10/3/88 

plot  8 

Injected  683  gal.  @4.0  lbs/gal  =2732  lbs  lime 

10/3/88 

plot  18 

Injected  550  gal.  @3.0  lbs/gal  =1650  lbs  lime 

10/3/88 

plot  22 

Injected  484  gal.  @3.0  lbs/gal  =1452  lbs  lime 

10/20/88 

Surface  applied  the  amendments  for  the 
0 to  8"  layer 

10/20/88 

Rototilled 

10/22/88 

Mellowed  with  250  gallons  of  water, 
no  tillage  between  water  applications 

10/29/88 

Surface  applied  N,P,K  and  B 

10/29/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

11/5/88 

Fenced  site 

NOTE:  Percent  of  required  lime  actually  applied  (see  Section  6). 


plot  5 

125% 

plot  8 

253% 

plot  18 

152% 

plot  22 

145% 

North  side  did  not  receive  rototilling  prior  to  mellowing 


F-ll 


Table  F-ll.  Plot  activity  sequence  of  events  at  Site  7. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 


Site  7 

CONTROL  TREATMENT 

PLOT  NUMBER  2,11,17,21 

DATE 

ACTIVITY 

7/8/88 

9/12/88 

9/12/88 

9/14/88 

10/20/88 

10/20/88 

Surveyed  plot  locations 
Leveled  plots 
Staked  reference  corners 
Chisel  plowed  surface 
Surface  applied  N,P,K  and  B 
Rototilled  fertilizer 

11/5/88 

(plots  ready  to  seed) 
Fenced  site 

F-12 


Table  F-12.  Plot  activity  sequence  of  events  at  Site  21. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 


Site  21 

AGRICULTURAL  TREATMENT 

PLOT  NUMBER  5,9,15,23 

DATE 

ACTIVITY 

6/28/88 

9/13/88 

9/13/88 

9/20/88  and  9/21/88 
9/21/88 

Surveyed  plot  locations 

Staked  reference  comers 

Chisel  plowed  surface 

Surface  applied  CaC03  and  Ca(OH)2 

Two  passes  with  a rototill  to  incorporate 

amendments 

9/23/88 

9/23/88 

Applied  phosphogypsum  and  ferric  sulfate 
mellowed  with  400  gallons  of  water, 

3 tillages  between  water  applications 

10/10/88 

10/20/88 

10/20/88 

Rototilled  and  smoothed 
Surface  applied  N,P,K  and  B 
Rototilled  fertilizer 

F-13 


Table  F-13.  Plot  activity  sequence  of  events  at  Site  21. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  21 

COVERSOIL  TREATMENT  PLOT  NUMBER  1,12,13,19 


DATE 

ACTIVITY 

6/28/88 

9/13/88 

9/13/88 

9/20/88 

9/20/88 

Surveyed  plot  locations 

Staked  reference  corners 

Chisel  plowed  surface 

Surface  applied  CaC03  and  Ca(OH)2 

Two  passes  with  a moldboard  and  chisel 

plow  to  incorporate  amendments 

9/23/88 

9/23/88 

Applied  phosphogypsum  and  ferric  sulfate 
Mellowed  with  700  gallons  of  water, 

3 tillages  between  water  applications 

10/8/88 

10/10/88 

10/29/88 

10/29/88 

Applied  20  yards  coversoil 
Coversoil  wedge  completed 
Surface  applied  N,P  and  B 
Rototilled  fertilizer 
(plots  ready  to  seed) 

F-14 


Table  F-14.  Plot  activity  sequence  of  events  at  Site  21. 

SILVER  BOW  CREEK-STARS 
Plot  Activities 


Site  21 

DEEP  PLOW  TREATMENT 

PLOT  NUMBER  2,7,17,21 

DATE 

ACTIVITY 

6/28/88 

9/13/88 

9/13/88 

9/20/88  and  9/21/88 

Surveyed  plot  locations 

Staked  reference  comers 

Chisel  plowed  surface 

Surface  applied  75%  of  the  CaC03, 

Ca(OH)2,  phosphogypsum  and  ferric 

sulfate  for  the  0 to  48"  layer 

9/27/88 

10/6/88 

Deep  plowed 

Surface  applied  the  final  25%  of 
the  CaC03,  Ca(OH)2,  phosphogypsum 
and  ferric  sulfate 

10/12/88 

Mellowed  with  480  gallons  of  water, 
no  tillage  between  water  applications 

10/29/88 

10/29/88 

10/29/88 

10/29/88 

*Leveled 

Rototilled 

**  Surface  applied  N,K,P  and  B 
Rototilled  fertilizer 

NOTE:  Mellowed  directly  onto  rough  surface  - no  prior  tillages. 

* This  leveling  after  final  amending  may  have  created  hot  spots. 

**  Plot  7 had  been  fertilized  before  leveling  - attempted  to  respread 
material  containing  fertilizer  after  leveling. 


F-15 


Table  F-15.  Plot  activity  sequence  of  events  at  Site  21. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  21 


LIME  SLURRY  INJECTION  PLOT  NUMBER  4,11,14,24 

TREATMENT 


DATE 

ACTIVITY 

6/28/88  and 

6/29/88 

Surveyed  plot  locations 

9/13/88 

Staked  reference  corners 

10/5/88 

plot  4 

Injected  327  gal.  @4.03  lbs/gal  =1308  lbs  lime 

10/5/88 

plot  11 

Injected  326  gal.  @4.03  lbs/gal  =2206  lbs  lime 

10/5/88 

plot  14 

Injected  394  gal.  @4.03  lbs/gal  =1588  lbs  lime 

10/6/88 

plot  24 

Injected  283  gal.  @5.01  lbs/gal  =1415  lbs  lime 

10/20/88 

Surface  applied  CaC03,  Ca(OH)2, 
phosphogypsum  and  ferric  sulfate 
and  rototilled 

10/22/88 

Mellowed  with  250  gallons  of  water, 
no  tillage  between  water  applications 

10/29/88 

Surface  applied  N,P,K  and  B 

10/29/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

NOTE:  Percent  of  required  lime  actually  applied  (see  Section  6). 


plot  4 

346% 

plot  11 

122% 

plot  14 

144% 

plot  25 

161% 

F-16 


Table  F-16.  Plot  activity  sequence  of  events  at  Site  21. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 


CONTROL  TREATMENT 

Site  21 

PLOT  NUMBER  6,10,18,20 

DATE 

ACTIVITY 

6/28/88 

9/13/88 

9/13/88 

10/29/88 

10/29/88 

Surveyed  plot  locations 
Surveyed  reference  comers 
Chisel  plowed  surface 
Surface  applied  N,P,K  and  B 
Rototilled  fertilizer 
(plots  ready  to  seed) 

F-17 


< 


Table  F-17.  Plot  activity  sequence  of  events  at  Site  27. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  27 


AGRICULTURAL  TREATMENT  PLOT  NUMBER  4,7,17,19 


DATE 

ACTIVITY 

7/7/88 

Surveyed  plot  locations 

9/14/88 

Leveled  plots 

9/14/88 

Staked  reference  corners 

9/14/88 

Chisel  plowed  surface 

9/21/88 

Surface  applied  CaC03  and  Ca(OH)2 

9/21/88 

Two  passes  with  a moldboard  and  chisel 
plow  to  incorporate  amendmnts 

9/23/88 

Applied  ferric  sulfate 

9/23/88 

Mellowed  with  500  gallons  of  water, 
2 tillages  between  water  applications 

10/28/88 

Rototilled  and  smoothed 

10/28/88 

Surface  applied  N and  P fertilizer 

10/28/88 

Rototilled  fertilzer 
(plots  ready  to  seed) 

11/2/88 

Fenced  site 

F-18 


Table  F-18.  Plot  activity  sequence  of  events  at  Site  27. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  27 


DEEP  PLOW  TREATMENT  PLOT  NUMBER  5,11,16,22 


DATE 

ACTIVITY 

7/7/88 

Surveyed  plot  locations 

9/14/88 

Staked  reference  corners 

9/14/88 

Chisel  plowed  surface 

9/21/88 

Surface  applied  75%  of  the  CaC03 
and  Ca(OH)2  for  the  0 to  48”  layer 

9/27/88 

Deep  plowed 

10/9/88 

Leveled  and  smoothed 

10/10/88 

Surface  applied  the  final  25%  of  the 
CaC03  and  Ca(OH)2,  applied  the 
ferric  sulfate 

10/10/88 

Rototilled 

10/12/88 

Mellowed  with  480  gallons  of  water, 
2 tillages  between  water  applications 

10/28/88 

Surface  applied  N and  P fertilizer 

10/28/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

11/2/88 

Fenced  site 

F-19 


Table  F-19.  Plot  activity  sequence  of  events  at  Site  27. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  27 

EXTRA  TREATMENT 

PLOT  NUMBER  1,9,13,20 

DATE 

ACTIVITY 

7/7/88 

9/14/88 

10/28/88 

Surveyed  plot  locations 
Staked  reference  comers 
Surface  applied  CaC03,  Ca(OH)2 
and  TSP 

10/28/88 

Two  passes  with  a rototill  to 
incorporate  amendments 

11/1/88 

11/1/88 

Surface  applied  N,P  and  B 
Hand  raked  fertilizer 

11/2/88 

(plots  ready  to  seed) 
Fenced  site 

NOTE:  No  mellowing 


F-20 


Table  F-20.  Plot  activity  sequence  of  events  at  Site  27. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 


Site  27 

CONTROL  TREATMENT 

PLOT  NUMBER  2,10,14,21 

DATE 

ACTIVITY 

7/7/88 

9/12/88 

9/14/88 

10/28/88 

10/28/88 

Surveyed  plot  locations 
Staked  reference  comers 
Chisel  plowed  surface 
Surface  applied  N and  P fertilizer 
Rototilled  fertilizer 

11/2/88 

(plots  ready  to  seed) 
Fenced  plots 

F-21 


. 


Table  F-21.  Plot  activity  sequence  of  events  at  Site  33. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  33 


AGRICULTURAL  TREATMENT  PLOT  NUMBER  5,7,18,21 


DATE 

ACTIVITY 

7/8/88 

Surveyed  plot  locations 

9/14/88 

Leveled  plots 

9/14/88 

Staked  reference  corners 

9/14/88 

Chisel  plowed  surface 

9/21/88 

Surface  applied  CaC02  and  Ca(OH)2 

9/21/88 

Three  passes  with  a rototill  to 
incorporate  amendments 

9/22/88 

Applied  phosphogypsum 

9/22/88 

Mellowed  with  500  gallons  of  water, 
2 tillages  between  water  applications 

9/25/88 

Rototilled  and  smoothed 

10/22/88 

Surface  applied  N,P,K  and  B 

10/22/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

11/8/88 

Fenced  site 

F-22 


Table  F-22.  Plot  activity  sequence  of  events  at  Site  33. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  33 

COVER  SOIL  TREATMENT  PLOT  NUMBER  6,9,14,19 


DATE 

ACTIVITY 

7/8/88 

Surveyed  plot  locations 

9/14/88 

Leveled  plots 

9/14/88 

Staked  reference  comers 

9/14/88 

Chisel  plowed  surface 

9/21/88 

Surface  applied  CaC03  and  Ca(OH)2 

9/21/88 

Three  passes  with  a rototill  to 
incorporate  amendments 

9/22/88 

Applied  phosphogypsum 

9/22/88 

Mellowed  with  500  gallons  of  water, 
2 tillages  between  water  applications 

9/25/88 

Rototilled  and  smoothed 

10/1/88 

Applied  20  yards  coversoil 

10/22/88 

Coversoil  wedge  completed 

10/22/88 

Surface  applied  N,P  and  B 

10/22/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

11/8/88 

Fenced  plots 

F-23 


Table  F-23.  Plot  activity  sequence  of  events  at  Site  33. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 


Site  33 

DEEP  PLOW  TREATMENT 

PLOT  NUMBER  2,8,17,23 

DATE 

ACTIVITY 

7/8/88 

9/14/88 

9/14/88 

9/14/88 

9/21/88 

Surveyed  plot  locations 

Leveled  plots 

Staked  reference  comers 

Chisel  plowed  surface 

Surface  applied  75%  of  the  CaC03, 

Ca(OH)2  and  phosphogypsum  for  the 

0 to  48"  layer 

9/21/88 

9/27/88 

10/5/88 

Rototilled 
Deep  plowed 

Surface  applied  the  final  25% 

of  the  CaC03,  Ca(OH)2  and  phosphogypsum 

10/12/88 

Mellowed  with  600  gallons  of  water, 

no  tillage  between  water  applications 
10/22/88  *Rototilled  and  smoothed 


10/22/88 

Surface  applied  N,P,K  and  B 

10/22/88 

Rototilled  fertilizer 

11/8/88 

(plots  ready  to  seed) 
Fenced  site 

* These  plots  were  left  uneven  so  as  not  to  create  hot  spots  by  leveling. 


F-24 


Table  F-24.  Plot  activity  sequence  of  events  at  Site  33. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 
Site  33 


LIME  SLURRY  INJECTION  PLOT  NUMBER  1,10,13,22 

TREATMENT 


DATE 

ACTIVITY 

7/8/88 

Surveyed  plot  locations 

9/14/88 

Leveled  plots 

9/14/88 

Staked  reference  corners 

10/4/88 

plot  1 

Injected  372  gal.  @4.4  lbs/gal  =1637  lbs  lime 

10/4/88 

plot  10 

Injected  123  gal.  @4.4  lbs/gal  = 541  lbs  lime 

10/4/88 

plot  13 

Injected  258  gal.  @4.4  Ibs/gal  =1135  lbs  lime 

10/4/88 

plot  22 

Injected  177  gal.  @4.4  lbs/gal  = 779  lbs  lime 

10/20/88 

Surface  applied  amendments  for  the  0 to 
8"  layer 

10/20/88 

Rototilled 

10/21/88 

Mellowed  with  250  gallons  of  water, 
no  tillage  between  water  applications 

10/22/88 

Rototilled 

10/22/88 

Surface  applied  N,P,K  and  B 

10/22/88 

Rototilled  fertilizer 
(plots  ready  to  seed) 

11/8/88 

Fenced  plots 

NOTE:  Percent  of  required  lime  actually  applied  (see  Section  6). 

plot  1 

119% 

plot  10 

313% 

plot  13 

376% 

plot  22 

298% 

F-25 


Table  F-25.  Plot  activity  sequence  of  events  at  Site  33. 


SILVER  BOW  CREEK-STARS 
Plot  Activities 


Site  33 

CONTROL  TREATMENT 

PLOT  NUMBER  4,12,16,20 

DATE 

ACTIVITY 

7/8/88 

9/14/88 

9/14/88 

9/14/88 

10/22/88 

10/22/88 

Surveyed  plot  locations 
Leveled  plots 
Staked  reference  corners 
Chisel  plowed  surface 
Surface  applied  N,P,K  and  B 
Rototilled  fertilizer 

11/8/88 

(plots  ready  to  seed) 
Fenced  plots 

F-26 


